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assigned us an “Approved” Quality Control Rating covering 
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1.5” Aircraft Type G-1 : 
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struments are built in conformity with the same exaci 
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equivalent in quality. From selection of materials through the processes 
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Let’s work together. 
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ALSiMac STEATITE INSULATORS 


Permanent Rigidity 
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Resistant to Thermal Shock 
Resistant to High Temperatures 
High Mechanical Strength 
Low-Loss 

Does Not Absorb Moisture 
Chemically Inert 


ALCO has been awarded for the fifth 
time the Army-Navy “E”’ Award for 
continued excellence in quantity and 
quality of essential war production. 
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of mixing, extrusion or stamping; on through the kiln to final inspection, 
the production of a high grade Steatite Insulator requires experience, 
skill, modern tools and machinery, plus the KNOWHOW that comes 


Inferior Steatite Insulators may be produced. They may be 


Backed by 43 years of Ceramic Leadership, constant research 

and development, highly trained workers, the most modern ma- 
chinery and production methods, AtS1Mag ‘has fully earned its 
reputation as “Tops Among the Steatites”. Whatever you 
are planning in the electrical or electronic field, we believe 
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HE electrical industry is nearly 70 
; years old and what do we find as 
a result of 70 years of endeavor? At the 
very time when we, of all people, should 
_be pointing with pride to the achieve- 
" ‘ments of our industry and looking forward 
“to even greater opportunities, we find 
Bevicng our younger engineers and engi- 
neering graduates a feeling of uncertainty 
born of the war’s tremendous crosswise 
‘forces. With it has come a question 
whether some form of collective bargain- 
ing arrangement might not produce a 
feeling of general security, despite the 
corollary that it would probably reduce 
_ all participants to a common denominator 
and diminish the chances of those with 
outstanding initiative and brains from 
; making rapid progress in their chosen 
- fields of engineering: What has hap- 
pened? Is the romance of engineering 
so dead that material gain is the only 
factor of any importance? I hope not. 
In the closing decades of the last century, 
a boy would watch trains go by and yearn 
_ to become a locomotive engineer. There 
_ was something romantic about the great 
iron horse disappearing in the distance 
_ with its load of cars, and as the boy grew 
older the only change in his ideas was the 
_ preference for an engineering and design 
activity rather than one of actual opera- 
tion. 
_ That was the steam age and various 
improved forms of reciprocating engines 
were being developed—the big slow- 
speed Corliss valve engines for rope drive 
weighing up to 600 tons. Then various 
designs were made of lighter high-speed 
high-pressure engines—high pressure 
meaning up to 200 pounds—notable 
among them being the Willans cylin- 
drical slide-valve engine, which continued 
into our day in the form of the Knight 
internal combustion engine. It was the 
most economical engine of its day but was 
displaced by the more efficient high-speed 
poppet-valve engine. All these finally 
gave way to the steam turbine at about the 
time electricity was really taking hold. 
Electricity was the great new industry 
with untold possibilities but with ‘many 
unsolved problems. We all got into it— 
everything was new and interesting and 


Essential substance of the presidential address delivered 
at a meeting of the AIEE New York Section on April 
10, 1945, 
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full of promise. Actually, of course, it 
was not new—it just seemed new to us 
youngsters. I have no doubt that Doctor 


Gilbert got just as much of a thrill from his. 


experiments with frog legs and Benjamin 
Franklin with kites and his attempts to 
electrocute turkeys as we did in designing 
transformers. When I was in school, 
we still thought there was merit in de- 
signing three-phase transformers with 
the cores arranged physically 120 degrees 
apart. The yokes, top and bottom, had 


Many unsolved problems that 
await the initiative, ingenuity, 
and industry of the young and 
up-and-coming engineer are 
outlined in this paper. Here, 
also, is a plea to make the engi- 
neering profession attractive 
enough to appeal to the best 
students. A kaleidoscopic view 
is presented of the progress in 
electrical engineering over the 
past 70 years. 


nice concave curves and the whole thing 
was in a round tank. About that time 
the first large turbogenerators, 2,000 to 
5,000 kw, were designed and transmission 
lines up to 50,000 volts. ‘There were no 
convenient Nesbit tables, and we had a lot 
of fun calculating reactance and capaci- 
tance effects from fundamental equations. 
Main-line railway electrification was just 
getting under way, single-phase in the 
United States and three-phase in Europe. 

Have things changed? Of course, they 
have. The rate of change in human 
affairs has reached a terrifying pace. 
The history of civilization is the history 
of power and technical development. 
Originally, all that was available was 
man power and as it took man all his time 
and energy to keep alive, what we know 
as civilization was nonexistent. But as he 
learned to apply the lever and animal 
power, then wind power and water power, 
his lot improved and he found himself 
with leisure time, and with it came the 
development of civilization. We do not 
know how long it took man to reach the 
wind- and water-power stages, which are 
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‘first mentioned in veeords of 150 B.C., but 


it was certainly hundreds of centuries. 
Another 12 or 15 centuries effected the 
breaking up of feudalism and another 
two or three centuries bring us to the 
industrial revolution and from then on 
civilization developed rapidly and we 
have to count time not in centuries but 
in decades. 

One of the criterions of the advance 
made through the centuries is the power 
developed and placed at the disposal of 
man. In the United States, 200 billion 
kilowatt-hours of electrical energy was 
sold in 1944, the equivalent of 550 million | 
kilowatt-hours per day. If it be assumed 
that one third to one half of this repre- 
sents useful work, we obtain 200 million 
kilowatt-hours of actual work done per day. 
Now a man can perform about 150 watt- 
hours of useful work in an eight-hour day, 
so that the output of the electrical indus- 
try in this country is equivalent to 
the work of 11/, billion slaves working 
eight hours, seven days a week; or ten 
slaves for every man, woman, and child 
in the country. But the electrical indus- 
try accounts for only 1/4 of all the energy 
consumed in the United States, so that 
we get 400 as the number of slaves at the 
beck and call of every one of us in this 
country. Fantastic as these figures are, 
they go a long way toward explaining 
the difference in our present-day stand- 
ard of living as contrasted with that of 
even the elite of ancient Egypt. Had 
the Nazis and Japs pondered such fig- 
ures, perhaps they would have hesitated 
before unleashing such fury as this power 
represents. 

Changes in the social system no doubt 
always have seemed rapid to those who 
lived through them, but looking back 
we see a rate of acceleration which shows 
no signs of letting down. Changes are 
going on at a continually increasing rate. 
Something that was new and novel ten 
years ago is antiquated today, as witness 
developments in radio and aviation. Can 
any system that is accelerating at an 
increasing rate of change be stable? As 
engineers, you will answer: “No, before 
long something has to explode”—and 
maybe things have exploded. Certainly 
in the last 25 years we have had more than 
enough “noble experiments” on how to 
influence human behavior—communism, 
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ae 
fascism, Brohibition® New Deal, gad now | 
a promise of planned economy. It would 
seem that it is time to settle down to some 
sane and safe system, but can we? All 
around us we sense fear—fear of inflation, 
fear of régimentation, fear of government 
ownership of industries, fear of loss of 
individualism—not necessarily as a result 
of the particular administration we happen 
to have at the moment, but because of 
world trends. Everywhere we see the 
growing power of governments with the 
tremendous, and in some cases mani- 
festly absurd, increase in the number of 
bureaus and their personnel. It is interest- 
ing to note in passing that among the 
indictments which the framers of the 
_ Declaration of Independence drew against 
George III was one reading: ‘He has 
erected a multitude of new offices and 
sent hither swarms of officers to harass 
our people and eat out their substance.” 

There is, however, one important factor 
from which we can take comfort and 
build a strong hope that present tendencies 
will not reach the point where they do 
permanent harm to our system of govern- 
ment and free enterprise. Democracy, 
as practiced in this country and one or 
two others, is essentially a continuous 
struggle between competing groups. For 
a period of time one group gets the upper 
hand, then another; but corrective 
“measures always develop to prevent any 
group from causing permanent injury 
to another group. There are two ways 
in which this process may cease to func- 
tion—one is a resort to arms by the ruling 
group, as was demonstrated in Russia, 
Italy, Germany, and Spain, and the other 
is a cessation of fighting by the opposition 
and an acceptance of everything that is 
imposed upon it. The first is unthinkable 
in this country. The second must not be 
permitted to happen. As the late Wendell 
Willkie so forcefully pointed out, we must 
have an opposition not merely for a month 
or two before election time, but for all 
time. Only so can we prevent the fruition 
of such peculiar ideas as are embodied in 
the Kilgore Bill socializing research and 
in other bills recently proposed. 

The reason I bring these matters up 
is that they are of great importance to our 
Institute. We are dependent for our con- 
tinued - success on students—not any 
students, but the best students. Anything 
that tends to discourage boys and lead 
them to seek a livelihood elsewhere hurts 
us. If they are led to believe that elec- 
trical engineering is static and that all 
they can hope for is a routine job under 
conditions made tolerable for them by 
some labor union and a few government 
bureaus, they will certainly drift into other 
lines of endeavor. We can keep the best 
boys in the electrical schools only if we 
can show them that the profession offers 
them a future as a profession, where they 
can develop their native talents and rise 
to higher levels than their less-gifted 
contemporaries. 
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£ eloctrente tubes; in Phe: ap 2 
radar and ultra high-frequency echnique, 


but even in the old low-frequency power trolled r. 


field, nowhere do we find a static. condi- 


tion. For the last 15 years it has seemed ~ or to confine i it to 


that the ultimate had been reached in 
transformer design and efficiency, and © 


yet transformers continue to get smaller 


and more efficient. The same can be said 
of turbine-generators, so why should we 
assume that a limit has been reached as 
long as improvements in our fundamental 
materials—insulation, iron, copper, and 
their alloys—are possible. : 
Let us look at that pioneer of the 
electrical industry—insulation. The 
earliest insulation material on record is 
silk. Then came cotton, oil, rubber, 
paper, mica. The story of insulating 


materials is a fascinating one in itself. — 


For instance, paper so widely used today 
was of little use until the technique of 
proper selection and preparation of wood 
pulp to remove conducting impurities 
and lignins was developed to produce 
almost pure cellulose fibers. Then came 
improved processes to reduce its thickness; 
treatment with synthetic resins to obtain 
high dielectric constant, and so on—a 
story of continuous improvement. But 
all these materials had one thing in com- 
mon. ‘They were all organic or required 
organic bonds. 

Now after 70 years the electrical 
engineer is finally presented with some- 
thing entirely new—the silicones—which 
will stand temperatures undreamed of 
with our old organic materials. The 
silicones are made from sand, salt, coal 
and oil, all plentiful and native to our 
country. They form a new family mid- 
way between glass and plastics and have 
remarkable characteristics. For instance, 
in one form, the silicones resemble putty 
and can be kneaded like putty, but unlike 
putty, they bounce like rubber balls. 
Silicone liquids can be chilled to 100 
degrees Fahrenheit below zero without 
freezing and heated to 350 degrees 
Fahrenheit above zero without boiling. 
The silicones are of interest to the elec- 
trical engineer because they can be made 
into a bond—an inorganic bond—for 
glass and asbestos to produce a very high 
temperature insulation. And does the 
engineer know what to do with this new 
insulation? Will it revolutionize the de- 
sign of electrical machinery? As yet there 
is no evidence to that effect, but one 
would be rash indeed to take a positive 
stand. ‘There are, of course, some obvious 
applications, such as motors in locations 
with very hot ambient temperatures, 
certain traction motors, air-cooled trans- 
formers, and so on. It is certain that 
our young engineers will find many other 
applications—not necessarily those work- 
ing in the research laboratories, but the 
young men recently out of college who are 
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advantages are so 
first sight it would seem : 
would soon replace all the old met 
-where heat has to be cre. a 
forced into the place where it is 
But, after all, heating, like all other pro 
esses, naust obey economic laws. 
fore, at present it is- not univers 
applicable, but no one can doubt th 
its field of application will be treme 
dously enlarged when our young engin 
get on the job and find ways and means 
of cutting the costs. Imagine, for i instance, 
a rolling mill without any gas-fired fur- 

naces, the slabs to be rolled into scrigh 
simply being passed through a high- 
frequency magnetic field ahead of the 
first rolls and heated electrically. When 
rolling ceases, the switch is pulled and the 
whole operation is dead until the next 
slabs are ready. 

Dielectric heating, in which heat is 
created within non-conducting materials, 
has been used to some extent in the pro- 
duction of plywood, to cure plastics and_ 
so on, but here too is a wide-open field for 
the young engineer with imagination. 

Lightning and lightning phenomena 
have always caught the public fancy and 
one would expect by this time that the 
last word had been said about them. 
Only a few years ago transmission engi- 
neers were told that lightning was an act 
of God that would knock their lines out | 
of service and not much could be done 
about it. In the last 15 years progress 
has been made through the work of many 
engineers to the point where lightning is’ 
kept well under control and lightning- 
proof high- voltage transmission lines can 
be built. But is the job finished? By no 
means. ‘There remains much to be done, 
particularly in the solution of the lightning 
problem in the subtransmission and dis- 
tribution fields. Only when protection 
has attained somewhere near 100 per cent 
effectiveness should efforts along this 
line be eased. 

There are still many questions un- 
solved concerning the build-up and the 
distribution of the charge within the 
cloud. Also, we need to know more 
about the mechanism of propagation of 
the stroke, and the effect of resistivity of 
the earth upon it. These phenomena 
have a large effect upon the rate of rise 
of stroke current and the voltage pro- 
duced on the line. We also need greater 
knowledge concerning the deionization 
characteristics of the stroke channel. 

Even the mathematically minded young 
engineer need not despair of an oppor- 
tunity for the application of his talents. 
Basically all electrical science stems from 
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yy second. ‘Today 
_ five-cycle, and three-cycle breakers, Pre- 


S these equations. For years 
a-c problems _ were solved - empirically 
intil the application of complex numbers 
to their solution. The solution of poly- 
_ phase problems was restricted almost 
exclusively to single-phase equivalents 
until the development of symmetrical 
4 components by Fortescue. 
_ And yet in spite of the enormous prog- 
_ ress represented by the foregoing treat- 
ments, only a limited number of our 
_ problems lend themselves to rigorous 
_ analysis. Complicated power systems have 
been set up in miniature on d-c and a-c 
calculating boards for the solution of such 


_ problems as system short circuits, stability, 


q 
; and voltage regulation. Transient solu- 
tions have been attacked likewise through 
setting up the system in miniature, 
_ applying the discontinuity cyclically by 
3 means of a commutator and observing 
_ the results with the help of an oscilloscope. 
This idea can be extended to the solution 
_ of mechanical problems. In this field it 
_ is particularly valuable because of the 
difficulty of measurement of mechanical 
quantities when an attempt is made to 
represent the mechanical system by means 
of a mechanical miniature of the real 
_ system. These tools offer enormous 
_ possibilities to the. electrical and me- 
_ chanical engineer in the solution of the 
_ problems that are bound to confront 
him. The method has only just been 
started. As developments proceed, the 
need for accurate solutions becomes more 
. and more imperative; who can tell what 
further developments in the field of analy- 
- sis are open to the engineer of the future. 
A large group of apparatus involves for 
its operation commutation or interruption 
of current. Thus the ideal is conduction 
of current with zero voltage drop at one 
instant, and nonconduction at the next 
instant. If the transition between these 
can occur in zero time, no loss occurs in 
the equipment. In a sense this ideal 
operation can be viewed as a condition 
in which the apparatus is called upon to 
do no work, for during the conduction 
period the voltage drop is zero and during 
the nonconducting period the current is 
zero. Circuit breakers, lightning ar- 


resters, and rectifiers of all kinds fall within — 


this category. Thus, if a circuit breaker 
could be so designed that the arc path 
would deionize completely at the instant 
current normally passes through zero, 
the apparatus would fall within the class 
just discussed. To the extent that the 
arc drop is not zero and the arc path does 
not convert instantly to infinite impedance 
is the measure by which the breaker de- 
parts from ideal, and this sums up the 
effort of design engineers of circuit break- 
ers. They have not attained this ideal 
and are still striving to approach it. 
Some 20 years ago the oil circuit breaker 
had an opening time of the order of a 
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e been devoted ‘to means 


we. have ‘cight-cycle, 
sumably the utility engineer will not be 
happy until he gets a one-cycle breaker, 
and, who knows, maybe some young engi- 
neer not yet out of school will produce 
it for him, by working on an entirely 
different type of interrupting device and 
other mediums of interruption. 

In the field of rectification there has 
been the development of the multi-anode 
rectifier and the ignitron in the larger 
ratings and the thyratron and copper- 


oxide and selenium rectifiers in the smaller 


sizes. Copper-oxide and selenium recti- 
fiers have a marked advantage in life and 
maintenance over other types. The prog- 
ress in the development of these types of 
rectifier has been enormous. They have 
been used in units up to 100,000 volts at 
small currents and as high as 60,000 
amperes at low voltage. There is no 
reason to believe that we have reached 
the limit of perfection in these devices. 
Perhaps some day these devices or one of 
similar characteristics might be developed 
that could be grid-controlled. Such 
development would open vistas of appli- 
cations now untouched. 

A substantial amount of all engineering 
progress is based on taking advantage of 
radical improvements in existing tools. 
Capacitors offer a good illustration of this. 
The advances in the capacitor art have 
made possible a wide use of equipment 
which was impractical only a few years 
ago. Although the capacitor is one of the 
oldest electrical devices, dating back to 
the Leyden jar, its use was restricted until 
20 years ago because it was available only 
in very small sizes. In 1924 the need for 
correcting system power-factor and the 
great demand for capacitors for the radio 
industry resulted in constant improve- 
ments in capacitor materials and design, 
so that at the present time the cost per 
kva of capacitors is only 15 to 20 per cent 
of the cost in 1924. In that year, when 
large power-type capacitors first became 
available, their use was limited to correct- 
ing low power-factor in industrial plants. 
Today their low cost and small physical 
size per kva make practical energy- 
storage welding, great advances in in- 
ductive heating, polyphase motor per- 
formance on single-phase supply, electrical 
precipitation, and hundreds of other 
devices. The use of series capacitors to 
increase the power carried over a trans- 
mission line has intrigued engineers for 
many years, but still awaits practical 
application—a nice problem for some 
up-and-coming young engineer. Capaci- 
tors are a necessary adjunct of many new 
electronic devices and in the hands of a 
creative young engineer their field of 
application is practically unlimited. 

Many more examples, such as those 
cited, could be added in the power field 
not to. mention the communication and 
transportation industries. The land of 
opportunity in the minds of the public 
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lies in chemistry and aviation. These. 


provide the new and spectacular develop- 
ments and they receive wide publicity 
just as electric lighting and the electric 
motor did in the early years of this c century. 
They represent the unknown where the 
explorer can search to his heart’s content. 


But does this picture represent the facts — 


or is it just the present attitude of mind? 


Does not the biggest opportunity come in 
the fields already developed where a _ 


small percentage in growth means hun- 
dreds of times what it amounted to when 
the industry was young? 

A little reflection will show cee this is 
so. Our industry is far from static and it 


is not necessary to go into the research © 


laboratories for the solution of new prob- 
lems. Our methods of power generation, 
transmission, and distribution are still 
far from perfect. The application of 
electricity to heavy industries, 
marine industry, to aviation, to medicine, 
to the food industry, is still in its child- 
hood. Under free enterprise it can 
continue to grow and to offer not only a 
livelihood to the best of our young men, 
but also a great opportunity for creative 
and original work. The postwar period 
will open up a demand for equipment of 
all kinds. 
specifically for war purposes will be 
adapted to peace-time uses. An example 
of this is the tank-gun stabilizer invented 
by Doctor Hanna and used on all Ameri- 
can tanks to keep the gun pointed on the 


- target despite the jolting of the tank over 


rough ground. This stabilizer may well 
find application to railroad cars and 
perhaps to automobiles to provide 
smooth riding over bumpy rails and roads. 

The greatly expanded use of various 
types of vacuum tubes during the war is 
bound to have its effect on postwar engi- 
neering. We are becoming more vacuum 
tube conscious. Military applications will 
familiarize many young men with the 
possibilities and characteristics of these 
Pandora devices. No longer can the tube 
be looked upon as a delicate laboratory 
device. Too many have had to withstand 
the severe Navy shock-test, and have gone 
through actual combat experience to 
permit any idea of their fragility to persist. 

Even the political and economic de- 
velopments brought about by the war are 
bound to have some impact on engineering 
practice and industrial development, re- 
sulting in engineering problems of design 
and production which will call for plenty 
of ingenuity on the part of the young 
engineer. We must see to it that he is 
allowed a free hand to apply his talents. 
A certain amount of government regula- 
tion is probably necessary and desirable, 
but not regimentation. There is a great 
difference between them. Regulation is 
being told what one may not do—the 
old German ‘“‘verboten” which used to 
cause us much amusement. Regimenta- 
tion is being told what one can and must 
do. This is the new tendency of all 
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Many of the devices developed | 


governments which must be broken down _ 
if democracy and free enterprise are to 
survive. Engineering and scientific prog- 
ress grew with individual enterprise. 


Not until the feudal system and various _ 


forms of. restrictive governments were 


A Survey 


NE of the many pleasant things to 

anticipate in the postwar era is the 
prospect that some of the fundamental 
physical concepts learned in the World 
War I era may be up for re-examination, 
expansion, and possible modification. 
With radar, beams, supersonics, high 
frequency, and ultrahigh frequency, to 
mention just a few electronic terms, be- 
coming commonplace in our vocabulary, 
a survey of the progress made in adapting 
these new tools to the tasks of industry 
is appropriate. This article is concerned 
with one of these fields of electronic 
application, that of dielectric heating by 
high-frequency methods, also sometimes 
known as electrostatic heating. 

Prior to the development of this new 
tool, materials commonly were classified 
as conductors or nonconductors in ac- 
cordance with their electric conductivity. 
In general, the metals and some liquids 
were good to excellent conductors and 
most gases and nonmetallic solids were 
considered poor or nonconductors. Those 
with the poorest electric conductivity 
were used as insulators. 

The thermal properties of materials 
seemed to parallel their electric properties; 
those with good electric conductivity also 
in general have gaod thermal conductivity, 
and those of poor electric conductivity 
and thus classed as electrical insulators in 
general are also poor conductors of heat. 

Prior to the advent of dielectric heating, 
the only means of heating a mass of low- 
thermal-conductivity material was by 
conduction from the outside. The result 
always has been a temperature gradient 
from the outside toward the center with 
the possibility of reaching uniformity of 
temperature throughout the mass a 
mathematical one only. The time re- 
quired to reach a certain internal tem- 
perature is a function of the temperature 
gradient and the specific thermal con- 
ductivity of the material and cannot under 


Essential substance of a paper presented at the National 
Electronics Conference, Chicago, Ill., October 5-7, 
1944. 


R. J. Maiers is supervisor, sales promotion division, 


electricity sales, Commonwealth Edison Company, 
Chicago, Ill. 
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which permitted free enterprise. Planned 
economy, which is a far step toward fas- 
cism can only stifle progress and the less 
we have of it, the better off we shall be. 


of Dielectric Heating 


M. J. MAIERS 
ASSOCIATE AIEE 


Materials that are poor con- 
ductors of electricity may be 
heated electrically by subjecting 
them to electrostatic fields that 
reverse at rates of from 3 to 30 
megacycles per second. The 
applications made so far of this 
form of heating promise new, 
improved products in the future. 


any circumstance be altered or hastened, 
as surface temperatures may not be raised 
beyond the char point of the material. 

Dielectric heating consists essentially 
of using the material to be heated as the 
dielectric of the capacitor of a resonant 
oscillating circuit. ‘The frequencies com- 
monly employed are in the range of from 
3 to 30 megacycles. The heating of the 
material may be considered as due to 
molecular hysteresis or friction as the mole- 
cules are alternately charged in opposite 
directions. The higher the potential be- 
tween the plates of the capacitor the 
greater the density of the dielectric fields 
and the greater the force exerted on the 
molecules; similarly, the higher the fre- 
quency at a fixed potential the greater 
the heating in a given time. 

For practical purposes the material to 
be heated may be considered as electrically 
conducting. It is then necessary only to 
know the weight and specific heat of the 
material, and the time interval desired 
to bring it up to temperature. This 
translated into Btu determines the rate at 
which electric energy must be dissipated 
within the material to produce the desired 
heating. Adjustment of the voltage and 
frequency to bring about this rate of 
energy dissipation, with the proper shape 
of the capacitor plates in relation to the 
shape of the material to be heated, results 
in uniform heating of the aN ah ihrewen. 
out its mass. 


APPLICATIONS 


Cereal Grains and Products. 
the 


One of 
first experimental applications of 
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dielectric heating was in the field of | 


extermination of weevils which 
cereal grains in a whole or ground state. 
The grain or flour was passed between — 
the plates at a rate which would permit — 


a temperature rise to about 140 degrees — 


Fahrenheit. The application was suc- 


infest — 


‘ 


cessful, but the cost was such that it has 


not been applied to date on a commercial 
basis. Since that time packaged cereal 
products have been sterilized successfully 
and economically after sealing. 


Plywood Manufacture. 
facture of plywood of the standard com- 
mercial quality generally known before 
the present war, thin wood laminations 
were coated with animal glue and pressed 
between steam-heated surfaces at 100 to 
200 pounds per square inch. Approxi- 
mately three to four inches was the prac- 
tical limit of wood thickness between 
heated surfaces and the drying time was 
of the order of two to four hours depending 
upon the grade of wood and adhesive and 
the quality desired. 


In the manu- 


With the advent of resinous thermo- ’ 


setting adhesives, moistureproof plywood 
became a possibility. To obtain full 
strength and durability required uniform 
heating and cure, which consumed more 
time and limited output just when greatly 
increased output was of critical impor- 
tance. A dielectric-heating unit of 300 
kw was found to be suitable for standard 
four-foot-wide sheets of from 8 to 12 feet 
in length. By placing one electrode at 
the center of the stack and using the metal 
top and bottom surfaces of the press as 
the other polarity, stacks of plywood of 
any thickness up to the capacity of the 
press are heated uniformly to the desired 
adhesive curing temperature in from 12 
to 15 minutes. The result has been an 
increase in output from the presses in- 
stalled of approximately six- to tenfold 
and a product which has made PT boats 
and wooden assault craft possible. It has 
also pointed the way for a new unlimited 
future for the plywood and lumber in- 
dustry. For us it promises permanent 
plywood which should be in enormous 
demand immediately after the war. 
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T rapinatad: Wood Spars Sead eae 
lowing the same procedure as in the thin- 
ply assembly and curing, thicker sections 
of lumber were assembled and fabricated 
‘by pressure and heat for airplane pro- 
_pellers, spars, and struts, and for con- 
struction beams and construction members 
_of various cross sections and shapes up to 
12 by 24 inches and up to 60 feet in length. 
Another laminated lumber plank two 
- inches thick, four feet wide, and 8 to 12 
_ feet long is a standard item for amphibious 
landing parties. It is shipped piled flat 
and assembled aboard the ships off shore 
into supply tanks or rafts. These are 
loaded and lifted overboard and allowed 
to drift toward shore. Tugs and out- 
board pushers herd them into groups and 
push them up the beach. Here they are 
taken apart and the lumber used for build- 
ing floors of barracks and warehouses. 


Complete Plywood Airplane. An air- 
plane constructed of plywood was con- 
ceived and developed using forms of heat 
other than dielectric heating for heating 
and curing the resin adhesives and satu- 
rants. However, dielectric heating is 
_ supplementing the other forms of heat in 

the difficult phases of assembly and has 
_ made possible the development of lami- 
_ nates of unusual strength for critical sec- 
_ tions of the fuselage and wing. 


Compreg Wood. Another develop- 
ment in the wood field is the saturating of 
wood with resin. The stack is then com- 
pressed to about one-half thickness at 
pressures of 1,500 to 3,000 pounds per 
square inch, and simultaneously cured 
by dielectric heating. The result is a 
dense wood which has the strength of 
steel and a surface requiring no other 
finish, and which can be machined and 
polished. , 
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Other Plastic Laminates. Other lami- 
nates of paper, asbestos, felt, cotton, or 
woven glass are made with various resins 
under a number of conditions of pressure 
to produce materials having a wide variety 
of characteristics, some of them excelling 
aluminum and steel. 


Preheating Plastic Preforms. The pre- 
heating of preforms for compression or 


transfer molding of thermosetting plastics | 


by dielectric heating has been of inesti- 
mable benefit by: 


(a). Improving quality to maximum by 
perfect curing. 

(6). 
(c). Permitting timed optimum predictable 
results, 


(d). Reducing molding pressures necessary 
by 50 to 70 per cent. 


Speeding production of a given press. 


The curing time for large molded parts 
has, in some instances, been reduced from 
30 minutes to 2 minutes. Dielectric heat 
has completely absorbed this field. 


Rubber. Blocks of rubber of prac- 
tically any size can be uniformly heated 
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and vulcanized by dielectric heating or 
they may be preheated for forming and 


vulcanization in heated presses. 

Another important application is the 
curing of rubber belting on a continuous 
basis. This has always been done on a 
batch basis with resultant under- or over- 
curing. Belts up to six feet in width and 
two inches in thickness are being processed. 


Textiles and Paper. The addition of 
various resins to textiles in either thread 
or cloth form, or to paper, and their curing 
on a continuous-line basis by dielectric 
heating, offers a field of wide possibilities. 
Increased strength, moisture resistance, 
and life are only a few of the advantages. 


Drying. The dehydration of hygro- 
scopic materials to below five per cent 
has always been difficult. Dielectric 
heating is very effective and economical 
in the low moisture levels. For moisture 
contents of above 15 per cent conventional 
methods are usually more economical. 
Dielectric heating is used effectively in 
the dehydrating of ceramics, drug powders 
and tablets, tobacco, sand cores, and other 
materials. 


Furniture Cementing. In the past, 
furniture makers almost unanimously 
have used animal glues. Experience with 
dielectric heating in the airplane and boat 
industries leads to the hopeful prediction 
that any joint normally used in furniture 
fabrication can be cured by dielectric 
heating, thus leading to anticipation of 
permanent and durable furniture after 
the war. An interesting development is 
that of ‘‘edge gluing” in which the resin 
joint is perpendicular to the dielectric 
plates. In this method the adhesive only 
is heated and cured in a fraction of the 
time required to heat the wood and joint. 


Spot Fastening and Seaming. Dielectric 
guns for spot fastening of wood or fabric 
and electronic sewing machines for seam- 
ing or joining fabrics are in successful use. 


Cooking of Foods. Considerable in- 
terest centers about the possibility of cook- 
ing foods in a relatively short time because 
of the potential adaptation to production 
lines. Research is being conducted in 
many places, but results to date are varied. 
Tests are being made on bakery products, 
ground meat, peas, beans, and nuts, and 
on the precooking of hams. Successful 
and economic application in this field is 
yet to be determined. 


ECONOMICS OF DIELECTRIC HEATING 


Although a superficial study of a con- 
templated application of dielectric heating 
may reveal a relatively high cost of equip- 
ment and a cost of energy absorbed by the 
product somewhat higher than compe- 
titive convential forms of heating, typical 
installations of dielectric heating in- 
variably are highly economical for one or 
several of the following reasons: 


(a). It produces results impossible by any 
other method of heating. 
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(b). 


_tained. 
(c). Output ‘from present machines is 


increased; sometimes several fold. 


(d). ‘Tt occupies small space. 

(e). It can be built into production lines. 
(f). It assures optimum results. 

(g). Output and quality can be pe 


and controlled. 


(h). 
by semiautomatic means so that only un- 
skilled labor is necessary. 


The over-all appraisal of investment, 


operating, labor, and energy costs, pro- 
duction, and quality usually prove over- 
whelmingly favorable to dielectric heating. 


SUMMARY OF PRESENT STATE OF THE ART 


Dielectric heating has been developed, 
tested, applied, and proved satisfactory 
in a wide variety of fields. Practically 
all of this development has taken place 
during the war period and it is natural 
that all applications are related to the war 
effort. The equipment, like other equip- 
ment requiring strategic materials and 
labor, is under all wartime controls. It 
is readily apparent that the full extent 
of its usefulness to industry has not been 
reached, As a working tool it has widened 
the horizon of possibilities by accom- 
plishing uniform and controlled heating 
throughout the mass 
conductivity materials—a condition which 
had never been successfully achieved 
before its advent. In certain other fields 
it is competitive with other forms of 
heating. | Where economy dictates large 
quantities of low-cost heat energy, dielec- 
tric heating is not considered competitive. 

Equipment development has reached 
a very high state of reliability. There are 
about ten manufacturers in the national 
field; five of them operate locally. Equip- 
ment in all sizes ranging from 1 to 75 kw 
in self-contained units and up to 300 kw 
in assemblies is now available. Adapta- 
tions and variations for any conceivable 
application are readily available. Cost of 
the dielectric units varies from $1,500 
for the one-kilowatt unit to $200 per 
kilowatt for the 300-kw unit, without 
accessory equipment. 


LABORATORIES CONDUCT RESEARCH 


Extensive research is being conducted 
by equipment manufacturers and others. 
The standard procedure is to test the 
problem in the laboratory before making 
an installation. Research experts report 
that many problems which had been 
proved mathematically to be impracti- 
cable were nevertheless satisfactorily solved 
in the laboratory. In the laboratory of 
the company with which the author is 
associated, where several manufacturers 
co-operate in investigating problems sub- 
mitted by industries, upwards of 90 
projects were investigated during 1944, 
a majority of them with success. 
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Increased production usually is ob- 


‘ 


Operation can be timed and sequenced 


of low-thermal- . 


~ Musings ofa ant 


[AVIN G the good fortune to have de- 
| grees in both engineering and medi- 
ay Tam frequently asked such questions 
, “Does your engineering help you in 
: 3 medical work?”? ‘Do you like medi- 
cine better than engineering?” ‘‘What 
about these doctors? Are they as scien- 
tific as they claim to be?” ‘“‘Why aren’t 
doctors more progressive, especially in 
such things as socialized medicine?” and 
so on ad infinitum. : 
I cannot begin to answer all these ques- 
tions thoroughly, and I am not going to 
try. But I began thinking during a recent 
illness, when I was the patient for a change 
(which I found to be a rather difficult role 
to play), that it would amuse me to put 
down some of my thoughts on the subject 
of engineering versus doctoring. - I must 
apologize in the beginning, however, which 
I am told is psychologically a very bad 
thing to do—first of all to you, because I 
must make this a highly personalized 
article and because it is not a scientific 
article such as you have every right to 
expect in a scientific publication, and 
second, to my profession, the medical pro- 
fession, for perhaps exposing some of its 
little foibles that might better be left un- 
disturbed. 


THE DOCTOR-—ENGINEER COMBINATION 


I know of only two graduate engineers 
besides myself who have switched to medi- 
cine; one was a classmate of mine in 
engineering school. Doubtless there are 
others. And doubtless they have been 
kidded time and time again as I have about 
proposed rate schedules, such as: 


pXerials) strung’. 5 <5, h\ingsta oberon ehs coat $10.00 
ATI OCSEESI Ale eck ieee oo shesaiss. oes ISS aMNS - 10.00 
Bellynac es aparece ver cige te asi rene. hee sees 3.00 
Bladder Shot ae..cceerc made: sevens 7.50 
@ondenser’shot?: iio. ce eee 1.00 
INewatubenns Sete. Sain. . art See 1.50 
Ponsillectomy Milt. 50.00 
pbes testeduer, sult seetae «3 fey. 0.50 
Wassermann test............-0000 2.00 


If a patient chances to discover that I 
have been exposed to engineering, his 
first reaction is to stare blankly at me with 
his mouth gaping. Then he shakes him- 
self, which seems to bring him back to 
consciousness, and finally he usually comes 
out with some facetious remark such as, 
“Call Doctor Berresford. He’ll fix your 
lamp and your lamps,” which he thinks is 
very funny. After that he returns to nor- 
mal—that is, as normal as any patient ever 
gets. Ifthe patient were normal, he would 
not be a patient! 

The practice of medicine is just about as 
different from the practice of engineering 


Arthur B. Berresford, E.E., M.D., Ithaca, N. Y., is 
the son of the late AIEE Past President A. W. Berresford. 
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An engineer—doctor explains 
the differences in training and 


. temperament between the engi- 


neer and the medical man and 
shows why these differences 
occur. 


as the Wassermann test is from tube test- 
ing. They are two different worlds con- 
ducted by groups of people who are as far 
removed from each other as the North and 
South Poles. But why should this be so? 
Aren’t they all scientists? Yes and no. 


DOCTORS AND ENGINEERS ARE EMPIRICISTS 


Let us take first the engineer, the man 
who is doing routine designing, not the 
inventer who has conceived of new realms 
for the application of engineering. How 
much of a scientist is he? He knows that 
E=IR and that F=MA. Besides those 
two fundamentals, he has at hand to help 
him various handbooks, files, and pamph- 
lets containing information about certain 
pieces of equipment, much of this infor- 
mation entirely empirical. From this, 
and perhaps the formula ads=vdv, plus a 
smattering of mathematics, he goes ahead 
and designs his equipment, Is he a 
scientist? 

Now let’s take the doctor—not the re- 
search man in the laboratory who is delv- 
ing into new methods and working out 
new concepts of treatment—but your doc- 
tor, the man you call in when the wife is 
sick, or the specialist who prescribes your 
glasses. He has as his armamentarium a 
stethoscope and a sphygmomanometer, a 
thermometer and an ophthalmoscope. 
He knows that, if the sounds in your chest 
are not quite right or if your blood pressure 
or temperature deviates from the normal or 
the retina of your eye does not look as it 
should, it means that various and sundry 
things are wrong with you. He uses the 
scientific approach by first finding the 
cause of the trouble, but most of his diag- 
nostic methods, while sometimes worked 
out initially on scientific grounds, are very 
like the engineer’s formulas and handbook 
by the time they reach his hands. ~And 
treatment, in the last analysis, is largely 
empirical. He gives you some pills (he 
carries many which are quite entrancing 
in their variegated hues and shapes), and 
then he waits to see what will happen. 
For, if he is honest, he knows that the 
actions of the drugs and the reactions of 
the body to them are highly variable. 
Morphine usually kills pain and quiets a 
person. But it turns some patients into 
raving maniacs, Castor oil is one of our 
best laxatives; but in small quantities it 
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is very constipating. 
Neither your routin 
routine doctor is a scientist. Bot 
their knowledge of scientific p: 1 
far as they will go, but neither is an 
or an Osler. It is = Ohms and h 


steiners ce are + scientist in 
ing and medicine. ot Mr. 
Doctor Brown. epi Mr. as 


“But ish whee Ss j 
Smith and fF 


‘*Very good,” you say. 
this difference between Mr. 
Doctor Brown?” 
To getthis point across, I must again — 
resort to personal references. I studied 
electrical engineering first but decided be- = ; 
fore I had finished that I wanted to study — 
medicine. I finished the engineering just — 
for pure cussedness, but what electives I _ 
had I took in premedical subjects, much to ~ 
the disgust of the director of the school, — 
the late P. M. Lincoln, who told me more © 
than once that I was crazy; on more recent — 
and mature thought, I am inclined to 
agree with him. In fact, I think all doc- — 
tors are crazy, but I am digressing. 


MEMORY AND REASON IN EDUCATION 


In engineering I had been taught some- 
thing called ‘‘the scientific approach.” 
We found out for ourselves that E did 
equal JR and that it never failed to do so. 
Through other experiments and deductive © 
work we built from this a large part of the 
theory and practice of electrica] engineer- 
ing. But when I started to study pre- 
medical subjects, which certainly were 
scientific, I found myself in a terrible jam. 
There was no E=JR to cling to. In 
embryology we spent a whole term in the 
lecture room and laboratory studying the 
amazing and absorbing spectacle of a 
human being formed from the egg and 
sperm which, in uniting, set off the cycle 
that would result some day in, say, the 
editor of a scientific journal. It was a 
whole new field, completely wonderful, 
but lacking one thing. There was no 
E=IR that could be applied to.it. By 
process of reason you could not figure out 
how the embryo was going to form; it 
became necessary to memorize. I had 
never been taught to memorize, and it 
was very difficult for me. I needed my 
E=IR, 

That is the big difference between the 
average engineer and the average doctor. 
To the engineer everything is built on 
reason, with a lot of reference, but with a- 
very minimum of memory. The doctor on 
the other hand relies largely on his mem- 
ory and also uses a lot of reference, but 
can get along with a relatively small 
amount of reasoning. 
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Fad arate 8 that hana ever ae . 
with the exception of a few “big heads” 
who are not worthy of consideration, has 
lt not a little trepidation and doubt about 
is own ability to go on in his chosen field. 
The engineer usually goes to work for 
ome manufacturing concern and finds 
that he still has a lot to learn but that if 
is reasonably industrious his boss will 
elp him along and show him the ropes. 
s time goes on, he finds that he has be- 
come an integral part of a system—a co- 
‘operative system designed to do some par- 
ticular kind of work. He learns to rely on 
those about him for their share of the work 
and to co-operate with them. 

’ The doctor does the same thing. He 


nters a hospital as an interne and finds 
at there is much he does not know, but 
the boss helps him along, providing he is 

asonably industrious. Hesoon finds, like 
his engineer brother, that he has bocorie 
part of a system, and he learns his place 
in it and how to co-operate with others. 
Some doctors remain in such positions, 
although of course on an advanced plane. 
They like the security of having consulta- 
tion always available, of having others 
present to share responsibility, and of 
having regular time off and a steady in- 
come. Except for the primary difference, 
these men are essentially the same as the 
engineers. Both have become institu- 
tionalized. 


: DOCTORS EXCEPTIONALLY INDIVIDUALISTIC 


» But most doctors do not remain in an 
institution. After an interneship and 
residency lasting anywhere from one to six 
or seven years, a doctor leaves the hos- 
pital and “hangs out a shingle.” It is a 
big step when a doctor starts out in prac- 
tice for himself. No longer is the protection 
of the institution available. From now on 
what happens depends only on him. Many 
is the day I spent in my office wishing that 
a patient would come in and at the same 
time being scared to death that one would. 
It takes more time and experience than 
can be gained in a hospital to find oneself 
in private practice. And in order to find 
oneself in private practice one big impor- 
tant thing must be learned, and that is 
self-reliance. That takes time, but it 
comes to every doctor who sticks to the 
job, and most of them do stick to it, be- 
cause they know they will starve if they 
don’t. To make the change from institu- 
tionalization to private practice, self-re- 
liance must be learned. Most engineers 
do not have to go through this process, or, 
if they do, it is a more gradual one. 

So now we see the reason behind the 
second important trait of doctors. They 
become of necessity self-reliant. This leads 
quietly and unconsciously into an attitude 
of self-sufficiency. And so is formed the 
preatest and ruggedest group of rugged 
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ualistsin the country. Although the 
_ scientific background behind medicine is 


~ the same for all of them, no two doctors 


are anything alike. They all use different 
methods and different remedies in treating 
their cases, and each usually thinks every 
doctor is wrong who does not do things 
his way. Which all boils down then to 


' the fact that each doctor is convinced that 


he is the only man who knows the best 
way to practice medicine. 

What I have just said is not 100 per cent 
true. There are certain diseases for which 
specific remedies or procedures are avail- 
able which every doctor would use, and 
the only differences between the treatment 
by two different doctors would be in the 
various trivia required to keep the patient 
more comfortable, humor him, and so on. 
But in those diseases like the common cold, 
whooping cough, and measles, where there 
is no specific treatment, there will be found’ 
as many treatments as there are doctors, 
and each doctor knows that his treatment 
is best. 

Practically every doctor is a rugged indi- 
vidualist. Not so the engineers. Some do 
become rugged individualists, but the ma- 
jority probably does not. And what are 
the characteristics of these individualists? 
In the first place, they are usually ultra- 
conservative in the sense that they do not 
want change. Secondly, they have diffi- 
culty in co-operating with members of the 
profession or outsiders, seeming at times to 
be quite irascible. Thirdly, they are the 
absolute monarchs of their own domains 
and often act as though they owned the 


’ world as well. 


THE PROFESSIONAL MANNER 


My analysis of the doctor’s character 
would not be complete without consider- 
ing another little doctor trait which is 
obvious to everybody except, apparently, 
the doctors. This usually goes by the name 
of “professional manner.” It is an attitude 
of hearty aloofness, familiar to all laymen 
and just as false and characteristic of the 
species as the clergyman’s superpiety or the 
undertaker’s mournful face and somber 
clothes. There is, or rather was, a reason 
for the doctor’s hearty aloofness. The need 
for it is vanishing now, because more and 
more diseases are being conquered by 
specific remedies, founded on science, 
which work, and less and less of the practice 
of medicine is the art or guesswork of 
medicine. The doctor of a generation ago 
did not want to be asked the question, 
““Why?’’, because, for most of the things he 
did, he did not know the answer, but people 
expected him to know the answer, and he 
was afraid to say “I don’t know.” He 
therefore had to hold himself aloof and 
adopt an all-knowing attitude to make 
patients do as he said without question. At 
the same time, he had to be a hail fellow 
well met, or he would not get patients. 
From these two conflicting emotions, you 
get the professional manner, the bedside 
manner, or whatever you choose to call it. 
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The cunieer does not ye 5 aes bes 
tween these forces and so, in this respect, — 
is a more normal individual than the doc- 
tor. But doctors now are learning not to 


_ be afraid to say “I don’t know.” - 


THE DOCTOR’S SADISTIC STREAK 


Earlier I said that on more recent and 
mature thought I was inclined to agree 
with Engineer Lincoln that I was crazy. 
I am not a psychiatrist and am not pre- 
pared to go into a learned discussion of the 
sanity of the medico. But certainly any 
man (or woman) who undertakes to study © 
medicine and treat diseased humans must. 
perforce have an enlarged sadistic streak in 
him somewhere. Normal people do not 
like to come in contact with death. 
Normal people do not like to hack a dead 


_ body to pieces as must be done to learn 


anatomy. Of all the dirty, filthy, nasty 
jobs which must be done in this world, 
those of the doctor (and the nurse) are the 
dirtiest, filthiest, and nastiest. Perhaps if 
the doctor foresaw this he would choose 
another profession. But I doubt it. I 
foresaw it, and practically all medical 
students must. 

I have tried to give you the differences in 
training and temperament between engi- 
neers and doctors and to show how and 
why these differences occur. Now that we 
have done that, let us see if we can answer 
some of the questions posed at the begin- 
ning of this article. 


ENGINEERING TRAINING——AID AND HANDICAP 


First, does my engineering knowledge 
help me in my medical work? Yes and no. 
Since I was not trained in memory, it was 
difficult for me to absorb such subjects as 
anatomy, which is practically all memory 
and a big wad of it too. On the other 
hand, my knowledge of physics in general 
and electrical engineering in particular 
has been very useful a few times. Most 
doctors are poor physicists. They have 
had elementary physics in college and none 
since. Occasionally they get into trouble 
because of a lack of appreciation of some 
fundamental physical principle. As an 


_illustration, in medical school weonce were 


instructed to read for anatomy a chapter in 
a well-known textbook entitled ‘The 
Mechanics of Muscle.” The discussion 
was good, though lengthier than it needed 
to be (a characteristic of medical litera- 
ture), showing the different types of levers 
and how they worked. The author carried 
his trigonometric discussion along very 
nicely until the next to last page when he 
made the unfortunate assumption that the 
sine of an angle plus its cosine was equal to 
unity, and his whole thesis came tumbling 
down with a terrific crash which left all 
his conclusions wrong. For the fun of it 
I looked back through old editions to find 
out how long the mistake had gone un- 
detected. It was still present in an edition 
20 years old. I did not go back beyond 
that. It is corrected now! 

Are the doctors as scientific as they 


21s 


-happy as possible. 


claim to be? Some are and some are not, _ 
- but most of them are not. The background 


of medicine is science, and I have complete 
faith that scientific medicine some day will 
rid the world of most of its illness. 
medical practitioner applies the scientific 
facts which the laboratory has shown him, 
but where the laboratory has not solved the 
problem, the ‘‘art’’ of medicine comes into 
play. And a very great part of medicine 
remains an “art” today. By art of medicine 
we mean the hunches that a doctor gets and 
uses and the hundreds of little things he can 
do to keep the patient comfortable and as 
A happy patient has a 
much better chance of a cure than an un- 
happy one, and much depends on the 
doctor’s ability to create and maintain this 
happiness. 

Why are doctors not more progressive, 
especially in obtaining socialized medicine? 
There are innumerable reasons. First and 
foremost, a doctor is afraid of losing his 
work. He distrusts change because of his 
rugged individualism. He is mortally 
afraid of someone coming along—anyone, 
but in particular a politician—and telling 
him how to practice, because he knows he 
practices differently from every other doc- 
tor and believes it his right todo so. He is 


hes 


Rie 


afraid of becoming ensnarled in bur auc- 


racy and red tape which will make him | 
spend hours each day at his desk filling out 
and sending in reports when he should be 
out seeing patients or enjoying his fireside. 
He believes that no layman knows his 
problems; and he is Right, for his problems 
differ from everyone’s else. You will not 
find a physician who is worthy of the name, 
and the vast majority are, who will not 
welcome any reform which will give better 
medicine to more persons. ‘The majority 
of physicians are in favor of hospitalization 
and health insurance. But just bring the 
name of a state or the Federal Government 
into it and he will shy off every time. 


-MEDICINE AS A SOURCE OF PERSONAL 
CONTENTMENT 


_ And for the $64 question, we have left 
the one which I am asked most frequently, 


“Do you like medicine better than engi- 


neering?” The answer is yes. But by 
that I do not mean that everybody should 
like medicine better than engineering. 
Both fields have a background which goes 
back to the ancient -world—beyond the 
age of history. The engineers are less 
conscious of. it than the medicos. The 
medicos like the ancient aspects of their 


- profession, their E 


taken by all: doctors today 4 


ment which must re oe some day 


though pretty ae ly outd 


and background. ue sasicn ine a 


ie us eueles rewards than we can no\ 
I got a kick out of eS: an 


health and knowing that I was instru 

mental in the transformation. I must con- 
fess, however, that I did not switch from 
engineering to medicine, because I was 
filled with charming pictures of helping 
sick humanity. I did it, because, while 
realizing my limitations, I liked to look 
upon myself as a scientist, and because I 
considered then, and consider today, the 
study of the human body to be the greatest 
of the sciences. I know that I shall never 
become a great scientist, but there is a 
vicarious pleasure in working in the field 


I ae out of seeing invalids pale a ~— 


_ of the greatest science and applying the 


findings of the greatest scientists in that 
field to my everyday work. And who 
knows? ~ It may just happen that I will be 
able to contribute a little bit myself some 
day. ; 


Effect of Altitude on Electric Apparatus 


NCREASE OF ALTITUDE results in 

decrease of air density, heat dissipation 
by convection, dielectric strength of air, 
windage losses, ambient temperature and 
humidity, and this affects operation of 
some electric apparatus. Corona _ loss, 
lightning currents, commutation, and 
earth resistance also are affected. Much 
research work and investigation have 
been carried on, and this paper summarizes 
some information on this subject.1~$ 


IMPULSE VOLTAGE DATA 


Many tests have been made to determine 
the effect of altitude on impulse and 60- 
cycle strength of electric apparatus. The 
author reports that operating experience, 
at high altitudes in Colorado, with equip- 
ment and lines indicates that the re- 
duction of impulse strength must be taken 
into account, and greater spacing of bush- 
ings and longer length must be provided. 
Apparatus rated 15 kv and operating at 


This article is based on three conference papers pre- 
sented by L. M. Robertson, P. L. Bellaschi, and V. M. 
Montsinger, at the AIEE Pacific Coast technical meet- 
ing, Salt Lake City, Utah, September 3, 1943. 

L. M. Robertson is transmission and station engineer, 
Public Service Company of Colorado, Denver, Colo. 
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This article summarizes the re- 
search work and investigations 
which have been conducted 
the last few years on the effect 
of altitude on rating, testing, and 
operation of electric apparatus. 
Existing Standards in this field 
and possible modifications of 
them are considered. 


13 kv at 5,280 feet altitude has failed re- 
peatedly, and 23-kv bushings, apparatus, 
and insulators have been found to be 
desirable. Group-operated air-break 
switches rated 115 kv. and operating at 
10,200 feet and 11,300 feet altitude 
flashed across the open switches on switch- 
ing surges with an opening of 42 inches, 
but did not when this gap was increased 
to 49.5 inches. It has been found neces- 
sary to use 55-kv insulators on 44-kv 
wood-pole lines, and special-design light- 
ning arresters are necessary for altitudes 
above 6,000 feet. Lack of contamination 
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in the air at high altitudes has resulted in 
successful operation of transmission lines 
at 100 kv and 110 kv with seven suspension 
insulators in a string. The low humidity 
at high altitudes increases the dielectric 
strength of the air and probably accounts 
for the reduced depreciation of insulating 
oil and less frequent failure of bushings 
than at sea level. 

Laboratory tests on the effect of altitude 
on impulse and 60-cycle strength of 
electric apparatus reported most re- 
cently! were made in a sealed Micarta 
cylinder enclosing the apparatus for test, 
and desired pressures were maintained in 
the cylinder. Measurements of pressure, 
humidity, and temperature were re- 
corded. The apparatus tested included 
15-kv and 69-kv switch and bus insulators; 
69-kv bushings; six-unit ten-inch-diamete1 
suspension insulator string; 15-kv dry- 
type insulator; 15-kv and 8.66-kv_air- 
insulated transformers; six feet of 66-kv 
wood crossarm; 6-, 12-, and 24-inch rod 
gaps; and one-half-inch transformer oil 
gap. The applied full-wave impulse test 
voltages were 11!/,x40 microseconds. 
Figures 9, 10, and 11 of reference 1 show 
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- at Any Given | Temperature* 3 


XS 
BS 
site ’ Altitude Correction 
ty ee Factor for Dielectric . 
Ret Altitude Strength 
iS } elt 4 
3,300 feet (1,000 meters)............... 1.00 
4-000 teet.(1,200'meters)iAe s1ecc css. cts 0.98 
5,000 feet (1,500 meters)........ goa ae ee 0.95 
6,000 feet (1,800 meters)............... 0.92 
_ 7,000 feet (2,100 meters)......... eh 3 0.89 
4 8,000 feet (2,400 meters)...........:... 0.86 
; 59, 000'feet.(2,700; meters)... hc). isos areca’ 0.83 
#405000 feet (3,000' meters)... 0.00.00. .50- 0.80 
12,000 feet MG, 600mmeters) ccs cence ofa 0.75 
14,000 feet (4:200imeters)s S..t aca tae 0.70 
16,000 feet (4,800 meters) AA Op crerK an 0.65 
18,000 feet (5,400 meters) hohe hire igearausl Stans 0.61 
20,000 feet (6,000 meters).............2. 0.56 


The dielectric strength of equipment which depends 
upon air for its insulation varies with altitude. 


j * From AIEE Standard 1B. - 


“the results of these impulse tests and 
‘indicate that, in the case of apparatus, 
the air strength is essentially proportional 

; ‘to the relative air density; but the time 

to flashover in the lower air densities is 

longer, being seven microseconds at 0.97 

relative air density and 27 microseconds 

at 0.47 relative air density. Wood was 
found to be quite variable on impulse 
test but showed a reduction of impulse 
strength with reduction of relative air 
density and an increase of time to break- 
down. ‘Table II of reference 1 shows the 

-atmospheric conditions at various alti- 

tudes. 


SIXTY-CYCLE DATA AND CORONA 


The laboratory tests seem to indicate 
that the 60-cycle strength of apparatus 
~can be taken as practically proportional 

to relative air density (Figure 14 of ref- 
-erence 1). This has been borne out by 
actual operating experience. AITEE Stand- 
ard 1B gives the relative dielectric strength 
of equipment which depends upon air for 
its insulation for altitudes above 3,300 feet 
(1,000 meters) as shown in Table I.3 


Table II. Proposed Corrections of 
Observed Temperature Rise for Variation 
in Altitude* 


(a). When tests are made at an altitude not exceeding 
3,300 feet (1,000 meters) above sea level, no altitude 
correction shall be applied to the temperature rise. 

(6). For standard apparatus tested at an altitude in 

excess of 3,300 feet (1,000 meters) above sea level, it 
will be assumed that their temperature rise at.any 
altitude 3,300 feet (1,000 meters) or less will be the 
temperature rise observed at the higher altitude reduced 
by the following percentages for each 330 feet (100 
meters) that the altitude exceeds 3,300 feet (1,000 
meters): 
Oil-immersed self-cooled apparatus........ 0.4 per cent 
Oil-immersed water-cooled apparatus..... 0.0 per cent 
Oul-immersed self-cooled or forced-air- 

cooled apparatus at forced-air-cooled 


BEM ORIN weatslesehove soirsy sales eo nse oa) siale\ sis ater state 0.6 per cent 
Oil-immersed forced-oil-cooled apparatus : 

With? Oll=tO=air COOLED... «bi. wqeneisisie s ose 0.6 per cent 
Oil-immersed forced-oil-cooled apparatus 

with oil-to-water cooler...............+ 0.0 per cent 
Dry-type self-cooled apparatus............ 0.5 per cent 
Dry-type forced-air-cooled............-.. 1.0 per cent 


* Based on American Standard C57.2, section 10.104. 
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Table Il. eee Guided for Meade? 
- When Standard ~ Apparatus Is to Be 
} Operated at High Altitude 


To permit the selection of standard apparatus for 

application at altitudes in excess of 3,300 feet (1,000 
meters) above sea level the reduction in kva due to 
change in air density with altitude shall be as given 
below for each 330 feet (100 meters) that the altitude 
at point of operation is in excess of 3,300 feet (1,000 
meters) above sea level, and not exceed standard limits 
of temperature rise. 
Oil-immersed self-cooled apparatus.......0.4 per cent 
Oil-immersed water-cooled apparatus..... 0.0 per cent 
Oil-immersed self-cooled or forced-air- 

cooled apparatus at forced-air-cooled 


Aha 515) 5yatetey sieves s2etscs cote stssis seus anaamp do 0.5 per cent 
Oil-immersed forced-oil-cooled apparatas 

with oil-to-air cooler..............004. 0.5 per cent 
Oil-immersed forced-oil-cooled apparatus 

with oil-to-water cooler................ 0.0 per cent 
Dry-type self-cooled apparatus............ 0.3 per cent 
Dry-type forced-air-cooled...... Fic Mating; 3 0.5 per cent 


Corona measurements have been made in 
Colorado on a 100-kv line at an average 
altitude of 6,000 feet and another at 


10,000 feet, the length being 21.5 miles 


and 155 miles, respectively. Figure 1 
shows the results of the tests on the shorter 
line at 6,000 feet altitude and indicates 
that the measured loss is less than the 
value calculated by Peek’s or Peterson’s 
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KV BETWEEN CONDUCTORS 
Figure 1. Corona-loss curves for the 


Boulder Canon (Colorado)—Denver 100-kv 
transmission line 


Corona loss is per 1/0 hemp-center copper conductor 
for 21.51 miles of flat construction with spacing 
of ten feet four inches between conductors 


A—Calculated from Peeks formula 

B—Tested with wet-bulb temperature of 7.7 

degrees centigrade and dry-bulb of 9.5 degrees 
centigrade 

C—Calculated from Peterson’s formula for 17/0 

hemp-center copper conductor at 9.5 degrees 
centigrade 

D—Calculated from Peterson’s formula for 3/0 

seven-strand copper conductor at 18.5 degrees 
centigrade 


formulas. 

the longer line at the higher altitude by © 
Peek’s formula gave 955 kw instead of © 
the actual loss of 237 kw. When the alti- 


tude of the line was decreased in the 
calculations by 3,500 feet, the results gave 


the same value of loss as that actually 
measured. Corona has been observed in 
generators and cables but under conditions 
which might have produced corona at 
lower altitudes. 


TEMPERATURE RISE 


Stationary Induction Apparatus. 


medium will indicate an increase of 
temperature rise with increase of altitude. 
Heating of modern oil-insulated self-cooled 
power transformers operating at various 
altitudes up to 11,300 feet has been studied, 


Calculations of corona loss on 


Equip- 
ment which depends on air for its cooling 


and the observed temperature rise has 


been somewhat higher than calculated 


values would indicate, although in a few. 


cases it was actually less. However, the 
manufacturer’s designs appear to be satis- 
factory. 

V. M. Montsinger points out that the 
derivation of the correct altitude correction 
factors for self-cooled transformers is 
complicated, because oil-insulated trans- 
formers are cooled by convection, which 
is affected by altitude, and by radiation, 


Table IV* 
Maximum 
Temperature 
of the Cooling 
Altitude in Altitude in Air in Degrees 
Feet Meters Centigrade 
O= "35500 Nee naeie a O=15 000 Gaeta 40 
55000 ="6, 60 Oi srocuctem te 15000-20008. manic: 35 
6;600— 9900 cain sata: 2,000=3;000) article 30 
OF 900-135 20 Oaieceie cere 5 000=45000 8 cistexctorte rors 25 


It is recognized as good practice to use machines of 
standard temperature rise at altitudes greater than 
3,300 feet (1,000 meters), provided the temperature of 
the cooling air is not likely to exceed the foregoing values 
for the respective altitudes. 


* From American Standard C50. 


which is not affected by altitude. The 
division depends on the contour of the 
tank with the correction factor expressed 
in terms of winding temperature rise, and 
the correction starting at 1,000 meters 
(3,300 feet), not sea level. The effect of 
altitude on temperature rise can vary as 
much as 2.35:1, depending on the ratio 
of the developed area (effective for con- 
vection) to the sum of the developed area 
and the outside envelope area (effective 
for radiation) of the cooling surface. 
Representative ratios are 0.5 for small 
distribution transformers, 0.9 for large 
power transformers, and 1.0 for dry-type 
self-cooled transformers where air is flow- 
ing up the windings. Therefore, there is 
no one correction factor which can be ap- 
plied accurately to all self-cooled trans- 
formers. 

Table II shows the proposed corrections 
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- =. “a: ~ Week Baws 
. , “Table ie 
ie vei S in 
(Per Cent Per 100 Meee anes sate 
Exceeds 1,000 Meters) eek a 
‘ j ; : Temperature -) - 
Standard Apparatus Usual Service Conditions Voltage Rating Rise : 2 
AIEE 4 —1943....... Measurement of test voltage , Saas as ee 
din Giclectric bests cae avcrelaie vacates ane corane FD w eiuie Oo. suet. Qa cienekaReeate alot ese e Nee Ok- Ts heey oe Neeaane hake Psa AS Psat alsteeeeet ots eeewe Relative air de 
AIEE 11 —1943....... Rotating electric machinery a 
; on railway locomotives = 
AIEE 19 —1943...... Oil circuit breakers** . Lk eet aeanoas 0.4 i, ahs 
ATEE 21 —1942.. 54.00% Apparatus bushings Sado tin ute. Seo cc OnAS Teele elative air density 
AIEE 22 —1942 ..Air switches and bus sup- * 3 
; , ports** i eee not exceeding 1 000meterst). oa. tae sare Ol Pcs ee elagtere See 0.4 
AIEE 24 —1940....... Protector tubes : 
AIEE 25 —1941....... Fuses above 600 volts 5 ere rarest eae 0.4 : 
PATER 27 71942) cain.) Switchgear assemblies** Ne PEO recs 0-0 0.4 ~~ 
> ATEE 28° —1943. 20... Lightning arresters hs 
AIEE 31. —1941....... Capacitance potential devices E 
and coupling capacitors e 
AIEE 32 —1942....... Neutral-grounding devices... .. 2.6... +s sete eee tte ett e eens This standard follows transformer standard 
AIEE 36 —1928....... Storage batteries aise etait DE Fare OPT oe creme OC, Tee re ees -Nolimit Lees vial 
AIEE 41A—1942....... Insulator, testsat eck eres cpr amer ses + cts) oese orgs + altiiet= en ee Rae Conn ain cunbon uestugdansaasasd Relative air density 
= Water-cooled®.... «de come: 0 ‘ % . 
ne Grol; 2: 3=1 942..Transformers, regulators, and | Oil-immersed, self-cooled....0.4 Guide for operation permits over- 
OACCOES te crs ce Oe catego v6 Altitude not exceeding 1,000 meters DDry-type ss sslevadisie are ss 055 loading for lower ambient tem- 
P (No limit for water-cooled) Oil-immersed, forced-air 0.6 perature - ’ 
Age-blasts sis.tyd. .. 2 Pee 11:0 an 
ASA G50—1936........ Rotating electric machinery. ......Altitude not exceeding 1,000 meters. .........seeseeewseeeeeee-++-1.0...... For low ambient temperature std. 
temp. machine applicable to 
higher altitude decreased in 
windage loss, proportional to 
2 : relative air density } 
ASA‘€19—1943 5... Industrial-control apparatus....... Altitude not exceeding 6,000 feet...... Above 6,000 feet and not exceeding 15,000 feet continuous-duty resistors” 
autotransformers, control-circuit transformers derated to 75 per cent. | 
Other provisions stated " 
** Diclectric tests of air-insulated apparatus are referred to 760 millimeters barometric pressure, 25 degrees centigrade temperature, 15.45 millimeters mercury absolute humidity. 
Voltage measurement and correction are made according to AIEE Standard 4 and AIKE paper 40-38. ) 
* Present revisions of these Standards specify a correction for current rating (0.2 per cent) equivalent to 0.4 per cent based on temperature rise. 
for observed temperature rise for variation American Standard Guides for Operation in air is essentially proportional to relative 
in altitude, and Table III the proposed of Transformers now permit one-per-cent air density. . c 
guides for loading when standard appa- continuous overload for each degree that Operating experience has indicated a 
ratus is to be operated at high altitudes. the daily average ambient temperature is need for overinsulation on most applica 
These tables have been prepared by Mr. below 30 degrees centigrade. Operating tions at high altitudes. 
Bellaschi and submitted to the trans- experience has shown that the reduction Measured corona losses on 100-kv lines 
former subcommittee and are being in- in ambient temperature at high altitudes at 6,000 and 10,000 feet altitude have been 
corporated in American Standards C57.2 usually more than offsets the increase in less than the calculated values. 
and C57.3. temperature rise of apparatus. The increase of temperature rise with 
Rotating Machines. The present STORM CONDITIONS Pied of putas es 
American Standard C50 for rotating ma- R e diti i _ been... conlirmed , Dy = tests ancien.) 
chines gives a correction factor for tem- itrerss bis. he oe ond = eer GHNe Pee eae : 
perature rise of 1.0 per cent per 100 meters encountered at high altitudes and must perating experience has shown that 
thatthe «altitudesiexceedsa#,000umeters. be considered in all mechanical designs. the reduction in ambient temperatures 
The guide for service conditions? gives the Efforts to measure wind velocities on high _ with increase of altitude usually more than 
supplementary information for this Stand- Dae gate failed, es slg ee con- offsets the increase in temperature rise of 
ard shown in Table IV. UCtOTS ANG se BCUrS aCe /,inch apparatus. os 
Table V has been prepared by Mr. of radial ice with wind pressure of 15 Severe. weather conditions at high 
Palesthiaiorshow hovalnnide sie cone pound per square foot of projected area altitudes require special mechanical de- 
sidered as a factor in the present apparatus. 2t — 50 degrees Fahrenheit has been found signs for structures and line conductors. 
eiandarda by trial to be satisfactory for service in Lightning-stroke-current values at high 
high passes. altitudes may be less than at sea level, 
ee ES pe Measurements of lightning-stroke cur- but special designs are required for 
; es =a rents? up to altitudes of 13,600 feet indicate lightning protection because of high 
Mr. Montsinger indicates in his paper __ that the current may be less at high alti- ground resistance and reduced insulating 
that the United States Weather Bureau tudes, but the high ground resistance and _ value of air. 
observed that the average decrease in reduced insulating value of the air en- 
temperature with elevation is about one countered requires special designs for REFERENCES 
degree Fahrenheit for 330 feet 5 lightni ion. 
or a . (5 8 He Oboe ‘i Earth leakage OF 1. Effect of Altitude on Impulse and 60-Cycle Strength 
degrees centigrade per 1,000 meters). corona current continuing over a con- of Electrical Apparatus, P. L. Bellaschi, Paul Evans Jr. 
Temperatures have been recorded in _ siderable length of time may be the cause A!EE Pree. 3 volume 63, 1944,.May section, 
. . ages = 
Colorado on the earth’s surface from 4,000 of arrester failure and disturbances on ir i ; 

s i its 2 . Lightning Investigation at High Altitude in Colo- 
feet to 13,500 feet, and the decrease found _lower-voltage circuits. rado. L, M. Robertson, W. W. Lewis, C. M. Foust. 
to be 3.5 degrees Fahrenheit per 1,000 AIEE Transactions, volume 61, 1942, April section, 
feet increase in altitude. This has been CONC. pages 201-8. 
taken into account in loading of equip- Tests and operating experience show >. Report on Guiding Principles for the Specification 

ae i. h t li deat, | BAe | 1 of Service Conditions in Electrical Standards, AIEE 
ment in service where it apples, and the that the impulse voltage strength of parts Standard 1B, May 1944. 
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'PCHE “Proposed American Recom- 
4 mended Practise for Compiling Indus- 
_ trial Accident Causes” (see Table I), 
_ lists nine causes, three of which are per- 
sonal and six impersonal, or environ- 
mental. The National Safety Council 
_assigns 70 per cent of all accidents to the 
one third of the causes listed as “personal” 
_ and only 30 per cent to the two thirds of 

the causes that lie within the influence of 
_ the worker’s environment. One of the 

six environmental causes, “improper il- 

lumination” (more inclusively, uncertain 
sight), is judged responsible for only four 
tenths of one per cent of industrial acci- 


dents. The insignificant percentage of 
_ accidents attributed to uncertain sight as 
] influenced by lighting conditions is a 
_ measure of the educational job that faces 
_ lighting engineers in industry. 
Light is not recognized as a major cause 


H. L. Logan is managing engineer, controlens division, 
__Holophane Company, Inc., New York, N. Y. 
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Figure 1A. Rod lying on the floor can hardly be noticed in the 
dim lighting and constitutes an accident hazard 
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Proper illumination, a potent 
factor in industrial and traffic 
safety, is considered from all 
angles, including man’s physio- 
logical and psychological reac- 
tions to lighting. The author 
stresses the present need for 
technical skill and _ technical 
knowledge—in short, for illumi- 
nating engineers of a high order. 


The truth of this statement is more readily 
recognized when the fundamental physio- 
logical function of the eyes is understood. 
The eyes are mechanisms for “‘survival.” 
They are the major safety devices of the 
human animal. Their prime physiological 
function is to control the orientation and 
posturing of the body in its environment 
in such a way as to protect the body from 
hazards, or to gain benefits for the body, 


Westinghouse Photo 


Figure 2A (left). Pedestrian is barely 

visible. Reflections from the road are 

largely skyward, and road surface ap- 
pears black to motorist 


Figure 2B (right). “Silhouette of safety.” 
Reflection in road is in motorist’s direction 
and road surface appears bright to driver 
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for example, in its search for food; thatis, 


to ensure survival. 
This is accomplished by a tie-in between 
the nerve networks of the eyes and the 


- 


muscles so that reflex (automatic) actions — 


may be initiated by the changing patterns 
of light in the eyes. This tie-in is exclu- 
sive in primitive forms of moving life so 
that their light-responsive organs initiate 
reflex actions of the muscular system only 
and do not convey images to a brain. 
man this tie-in persists as an important 
mechanism for survival. 


FUNCTION OF LINE OF SIGHT 


The ability of human beings to “‘see”’ is 
but one of the processes set into action by 
the eyes. Man is prone to recognize it as 
the only one, because it is the function that 
has enabled him to develop a civilization 
and to engage in cultural activities, but his 
individual safety and well-being remain 
closely dependent upon the light pattern 
that reaches his eyes from the entire field 


Westinghouse Photo 


Figure 1B. Good general lighting throughout the area reveals 
this rod clearly so that no one would be likely to step on it and fall 


Westinghouse Photo 
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From National Safety Council Data 


Accident Causes _ 


"Suggestions for 


. Relative 
; Importance _ Percentage Accident Causes Corrective Action — 
AGaineinSs cdi SO rts ae Lack of knowledge or skill...... fle» Job analysis : 
Me ‘ Job training 
Unsafe procedure Formulation of safe pro- 
Mhesworkens\itecl> oy-/-)s1 Aoocaranoonod AY salsoode Unsafe housekeeping Sa bomngue cedure. Supervision 
; Bodily defects discipline, Physical 
: examinations 
(Supervision discipline. 
Dieptels ag tats says Dies erste cRerrele's Improper’ attitudes ...i. fs. 1 Personnel work to re- 
move worry 
Masao gacwae (NS) <0 Vee! star nencticte Agencies defective through } Nels { Inspection. 
use or design Proper maintenance 
| Wheto ¢aseae OS reg custyatate Wnsate dresses afiasieeyit iene Specify proper dress and 
equipment 
The worker’s Gi retcreruevetoisedet + DidOmntentere ater Improperguards: 2405 J... - «.'10 8 Inspection design with 
environment...,.... guards - 
‘ Usangucoweoen iheigarma role Unsafe housekeeping { Supervision discipline. 
facilis torslerepare e/ayeteleronevers eleter ave Job analysis; training 
op738 noo dnaK Qnelnodboocas Improper ventilation............. Improve ventilation 
j Opaade saueses (OR SESS bene Improper illumination............ Improve illumination 


of view, rather than upon the stimulus re- 
ceived from the objects he can see clearly 
along his line of sight. If this light pat- 
tern, or a person’s ability to react to it 
efficiently, is defective, that person is 
potentially unsafe, or accident-prone, -in 


that environment. 
® 


PHYSIOLOGICALLY SAFE LIGHTING 


Emphasis on the use of the eyes as visual 
organs only has led to the use of light in 
industry for seeing only, to the involun- 
tary neglect of the need for physiologically 
safe-lighting conditions; and it is this same 
pre-occupation with eyes as “seeing tools” 
that has delayed a full recognition of the 
major role that proper lighting can play 
in safeguarding all human activities. 

Until the present time safety levels of 
lighting have been considered to be the 
least light necessary for seeing in the judg- 
ment of an observer who made a leisurely 
survey of a particular site. However, such 
a test does not take cognizance of the work- 
man who trips over something. The fore- 
man puts the accident down to a personal 
cause—carelessness—not realizing that, 
although there was enough light for the 
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workman to have seen the bar (Fig. 1A) 
if he had studied the floor, there was not 
sufficient light to attract his attention to 
the bar in time to prevent his stumbling 
over it at the normal speed at which the 
workman should and did move. 

The old proverb, “Look before you 
leap,” is sound advice, but it is no help in 
the dark, and a workman is always moving 
into physiological darkness when he moves 
from the relatively high level of brightness 
of his work into a surrounding level to 
which his eyes are not adapted. It must 
be remembered that it takes 60 times longer 
to adapt eyes to a lower level of brightness 
than to a corresponding higher level. 

There is not time in modern high-speed 
industry to make these downward adapta- 
tions; but, when they are not made, and an 
accident happens, the workman is charged 
with carelessness instead of the manage- 
ment’s being charged with failure to make 
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Figure 3 (above). - Where 


accidents strike 


Figure 4. Where accidents 
occur in the home 
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I, When there is not sufficient light to 


veal the hazard clearly. Ace a 


2. When the level of itamaineree althoug ) 
good for leisurely observation, is not enoug 
to force the observer’s attention to the hazare 
under normal conditions of speed and p 
occupation of the observer. ~~ 


3. When the hazard is Soa 
brightness, such as glare or by color w 
might give it the same brightness as 
background and so conceal it, or by shado 
which might hide the hazard. 


4. When the eyes are defective. Defect 

eyes benefit from proper lighting, but the best 
light will not compensate for inherent eye 
defects. Such eyes should be corrected to 
normal. : : ro | 
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What proof is there that accidents 
caused by improper lighting are a major 
group? First, there is the general proof of 
the paramount part played by sight as the 
major sense. Most authorities agree that 
more than 85 per cent of our activities are 
controlled by sight and the remaining 15 
per cent by the other four senses. There- 
fore, if accident causes were classified in 
relation to the senses involved, 85 per cent 
of accidents would be ascribed in whole or 
in part to uncertain sight. ; 

A statistical study shows that 22 per 
cent of industrial accidents happen to the 
fingers (Figure 3). The implication is 
strong that, in the absence of sufficient 
illumination, many workers are forced to 
rely unduly on their sense of touch. 

Accidents in homes are twice as great 
as accidents in industry, added to acci- 
dents in traffic, plus war casualties. 
Reason—homes are notoriously under- 
lighted. Of the approximate 5,000,000 
which occur in homes annually 21 per cent 
of these occur on the porch and outside 
steps—the two most poorly lighted loca- 
tions throughout the major portion of each 
24 hours most of the year. Another 12 
per cent occur in the halls, which also 
usually are underlighted. ‘The kitchen 
claims 18 per cent. This is often the best- 
lighted part of the home, but when the 
kind of operations that are performed in 
the kitchen are compared with their 
counterparts in industry it will be found 
that the kitchen is poorly lighted for the 
work done there. Average kitchen illu- 
mination is five foot-candles for work that 
industry lights to 20 foot-candles, and 
more recently to 50 foot-candles. In 
short, at least 50 per cent of home acci- 
dents occur in locations that lighting 
engineers know to be invariably under- 


lighted. 
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5. Drab-finished machine in a 
drab-finished interior 


Figure 


The most striking proof lies in traffic- 
accident experience. For example, a 
traffic survey in Trenton, N. J., early in 
1937 uncovered a relatively high percent- 
age of night accidents, with a consider- 
ably higher incidence at 33 intersections. 
At these intersections night accidents were 
59 per cent of the total, while in the city 
as a whole only 42 per cent of all acci- 
dents occurred at night. These inter- 
sections were then scientifically lighted. 
Injuries decreased 40 per cent and fatali- 
ties 50 per cent at night. The economic 
loss owing to the night-traffic accidents at 
the 33 locations before improvement was 


_ $89,900. After improvement the loss was 


$52,700. The improvement cost $3,292 
per year, proving once again that it costs 
less to prevent accidents than to pay for 
them. 


RELATIONSHIP BETWEEN LIGHT AND 
ACCIDENTS 


The relationship between light and 
accidents is clearly indicated in the traffic 
figures of the borough of Manhattan, 
New York. There were 118 daytime fatal 
crashes in 1941 and 151 fatal crashes at 
night, despite the smaller traffic load at 
night. In 1942 under dim-out conditions, 
although daytime fatal crashes dropped to 
86 owing to fewer cars on the streets, fatal 
crashes at night jumped to 254. 

During the dim-out period of the war, 
night-traffic accidents in six of the prin- 
cipal communities of Connecticut in- 
creased 56.7 per cent over the rate in the 
same communities when normal street 
lighting was used. 
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Figure 6. Same machine after scientific 
repainting 


Detroit had 96 fatal nighttime crashes 
on 100 miles of its streets selected for 
special study during the two years of 
1935-36. Street lighting was scientifically 
improved on these streets in 1937. The 
total fatal crashes by night for the suc- 
ceeding three years numbered 34. Exam- 
ples of this kind can be cited indefinitely. 

The objection has been raised that 
traffic-accident experience has no bearing 
on industrial-accident experience. The 
answer is that the eyes are obeying the 
same light stimulus, whether in night 
traffic, or in the factory, and are operating 
under the same physical and physiological 
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Figure 7B (right). Shows 
high gain in useful light 
when intensive distribu- 
tion in high bays is used 
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laws. It is true that there are fewer com- 
plicating factors in analyzing traffic acci- 
dents so that the influence of lighting is 
more readily revealed. However, the 
underlying biological facts leave no room 
for doubting the fact that faulty illumina- 
tion is the crux of both the industrial- and 
traffic-safety problem. : 

Moreover, since the writer first pub- 
lished a tentative curve! relating the acci- 
dent rate to the adaptation brightness of 
the field of view, a number of industrial 
cases has been recorded in the February 
1944 Illuminating Engineering, which show 
specific reductions in accident rates in 14 
industries as a result of the application of 
scientific lighting principles. 

E. E. Dorting of the Board of Transpor- 
tation of City of New York showed in the 
September 1943 Illuminating Engineering 
the results of five years’ researches into 
the effect of lighting conditions on the 
accident rate on stairways and at transfer 
points (getting on and off cars), in New 
York subways. He found a drop of 59 
per cent in stairway accidents and 52 per 
cent in transfer-point accidents as a result 
of suitably raising the illumination at 
these places. His results check the curve 
referred to, because his before- and after- 
brightnesses, applied to the curve, give 
accident-rate decreases similar to those 
found in practice. 

As the rate of accidents caused by in- 
sufficient lighting depends upon the mean 
brightness of the field of view it can be 
affected by the reflection factors of the 
field of view. For instance, a black in- 
terior with 600 foot-candles of illumina- 
tion would have the same light-accident 
rate (other things being equal), as a white 
interior with only eight foot-candles. The 
eye works with the light it receives, not 
with the light sent out by the lighting 
fixtures. This is the underlying reason for 
the increasing popularity of the scientific 
painting of machines and industrial in- 
teriors. The principles are simple and are 
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Figure 7A (left). Shows 
high light loss from in- 
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sHactraced in Figures oe It should’ ‘be. 
noted that the foot lever is painted Se 
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strong color so that the workman can 
easily see it out of the corner of his eye. 
The lower the level of illumination the 
more important is this matter of lighter 
scientific finishes. If an illumination of 
15 foot-candles were being used the por- 


tion of the accident rate dependent upon 


. 


uncertain seeing would tend to be 150 per 
cent higher with 10 per cent reflection 
factor than with 20 per cent. That is, 


accidents caused by improper illumination © 


would tend to be 10 per cent of all acci- 
dents with the higher reflection factor and 
25 per cent with the lower, and so this 
matter of the proper application of paint 
and other surface finishes to the whole 
field of the view of the worker is highly 
important in accident control. 

Another matter of great importance is 
the relation of design levels of illumination 
to actual in-service levels. Experience 
shows that in-service levels are more likely 
to run 40 per cent of the design levels 


rather than 70 or 80 per cent (figures . 


customarily used by industry and lighting 
engineers in computing lighting levels). 


Organization 


URING the last few years there has 

been a revival of interest in the prob- 
lem of better organization of the engineer- 
ing profession. ‘There seems to be agree- 
ment that there is room for improvement 
and in particular that the outstanding 
need is for some agency that could and 
would be recognized as the voice of the 
profession. 


1. In the field of disinterested public service 
which an organized professional group can 
and should render as good citizens. 


2. In matters having to do with the ad- 


vancement of the profession in its capacity 


for service and with appropriate recognition 
by the public of the value of engineering 
services, 


It is only natural that the revival of 
interest seems to be prompted more by 
concern for the latter, particularly among 
the younger members of the profession 
who, observing the success which organ- 
ized minorities have had in improving 
their economic status, are increasingly 
insistent that their professional societies 
should be performing a similar function 


James F. Fairman is assistant vice-president, Con- 
solidated Edison Company of New York, Inc., New 
York, N. Y. 
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Suppose an industrialist wants a safe in- 
stallation and so sets the minimum field 
brightness at the required six foot-lamberts 


(for average industrial interiors); suppose 


also the average absorption of the field of 
view is the usual 80 percent. Ifa 25-per- 
cent depreciation factor is optimistically 
assumed a design level of 40 foot-candles 
will be adopted. Experience will then 
show the brightness level to be three foot- 
lamberts instead of six and the accidents 
caused by improper illumination 50 per 
cent higher than they would have been if 
the six foot-lamberts actually had been 
realized. Such a mistake could have fatal 
results for one or more of the workmen 
and would be sure to cost the industrialist 
far more than he would save in the lower 
lighting cost. 

Another point to watch in planning 
lighting for safety is to see that the work 
is at least as bright as the surround. If 
the general interior is brighter than the 
work, visibility goes down, and, if it is less 
than 40 per cent as bright as the work, 
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The problem of organizing 
engineers for enhancement of 
the profession has had several 
proposed solutions, some of 
which have been tried with 
varying degrees of success. In 
this article an advocate of an 
all-inclusive association of pro- 
fessional engineers states his 
personal views and outlines the 
course of action that may be 
taken by individuals to make 
such an association effective. 


for them. ‘This pressure may stimulate 
some of the engineering societies to pro- 
pose or even to adopt methods which 
many of their members will feel are not 
wholly compatible with the purposes of a 
truly professional organization. As these 
discussions proceed the basic problem 
becomes confused with a great many 
minor, if not extraneous, issues, and it is 
difficult for the members of the profession 
to find their way through the maze of 
argument. 

Accordingly, it may be helpful to con- 
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interception. 
principle invel vost in sided 
avoid rater losses. 

LIGHTING REQUIRES ENGINEERING ABIL 


In conclusion lighting for safety re 
the abandonment of the archaic 1 
that lighting design consists simply 
spotting outlets and putting some stand. 
light source and accessory on them. Th 
is no room for rules of thumb or salesme 
recipes when human life may depend u 
the correct answer. Lighting for safe 
industry, just as in traffic, requires en 
neering ability and engineering ‘knowledge 


‘of a high order—in short, it needs the 


services of qualified illuminating engineers. — 
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of the Engineering Profession 


sider how we would organize the engi- 
neering profession to do the various 
things which we believe should be done 
if we could start fresh, free of any com- 
mitments, investments, concern for indi- 
vidual jobs or sense of obligation to the 
founding fathers, and particularly, without. 
any prejudices or sentiment, but retaining 
our background of experience with the 
types of organization we have tried. If 
we can find a generally satisfactory solu- 
tion to this problem perhaps we shall find 
it not nearly so difficult as we now think, 
within a reasonable time to approximate 
the ideal organization to accomplish our 
ends, 


COMPROMISES NECESSARY 


Such an approach is essential if we are 
to make the desired progress. We must 
put aside for the moment the particular 
associations of which we have been mem- 
bers these many years and to which we 
individually owe certain obligations and 
allegiance. We must forget all the back- 
ground of division and subdivision of the 
earlier societies and the lingering sus- 
picions and prejudices left in their train. 
We must be willing to make the sacrifices 
necessary to realize our objective. When 
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find it expedient or desirable to make 
certain adjustments or compromises the 
better to enable us to advance our ' pro- 
gram. But there is no need for us to 
‘start out devising compromises. Until we 
shave “mapped out our course, how can 
we determine whether or what compro- 
mise is necessary? Rather, let us be as 
bold i in our attack on this problem as we 
are in our attack on a technical problem. 


OBJECTIVE APPROACH DIFFICULT 


Admittedly, a purely objective approach 
“is difficult, especially to those most directly 
concerned, when we are dealing with a 
problem involving human relations. I 
am well aware that, in view of my ac- 
_ tivities in another organization, I shall 
‘be suspected of a certain degree of bias 
.and perhaps even of a pernicious form of 
fifth-column activity. I am willing to 
take that chance in the hope of stirring up 
_ constructive thought and discussion among 
the members of the Institute who pre- 
_sumably will make an approach at least 
_as objective as I am endeavoring to do. 
The solution suggested here is neither 
_new nor original. AIEE President Powel 
broadly suggested it in his article! His 
forthright statements encouraged me to 
‘prepare this article describing in greater 
detail a solution whose only novelty lies 
in its appearance in these columns. 
_ Inasmuch as there appears to be wide- 
spread agreement that the engineering 
_ profession needs “some association of 
_ engineers whose purpose is to represent 
all branches of the profession in civic and 
_ state affairs and which also is capable of 
_ watching over the welfare of its individual 
members in broad issues,”! ‘‘a central 
agency which can represent the entire. 
_ engineering profession in matters of public 
concern,’’? “‘some organization . . . similar 
in character to the American Medical 
Association and the American Bar Asso- 
ciation to work toward the dual objectives 
of intraprofessional relations among engi- 
neers and a combined professional ap- 
proach to public problems,”’* there is no 
point in laboring the major premise. 
Accepting this premise and bearing in 
mind the suggestion that we start with a 
clean slate, it would seem obvious that 
there should be one basic organization of 
engineers devoted to the objectives of all 
engineers as professional men and as 
citizens. It would seem obvious too that 
this organization should be built along 
the most democratic lines and that every 
individual member should have as direct 
a voice as possible in its affairs. To 
encourage a maximum of participation by 
the individual member, the basic unit of 
organization should be the local chapter, 
confined to the smallest practicable geo- 
graphic or political area. Probably the 
norm for this unit would be the county. 
For greatest effectiveness in dealing with 
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‘ourselves to attain our ends, then we may c 


ic and | professional problems extending 
ei the community, these local chap- 
ters should combine to form a state society, 
and the state societies in turn should unite 
in a national organization, Concurrent 
membership of the individual in each 
unit—the county or local chapter, the 
state society, and the national association— 
should be required and the scheme of 
operation should be such that the indi- 
vidual member is made continually con- 
scious of his interest in and obligation to 
each of these three spheres of activity. 
Perhaps there will be agreement up to 
this point although there may be some 
mental reservations about attaining such 
an ideal situation. Accordingly, before 
proceeding to describe this basic organi- 
zation and its functions further in detail, 
it seems desirable to remind the reader 
of the opening admonition not to let the 
past impede our planning for the future. 


ONE GRADE OF MEMBERSHIP 


There should be just one grade and 
kind of membership—members, called by 
any name you please. Bear in mind that 
this is to be an organization of and for all 
engineers, and one of the best ways to 
defeat its purpose is to start making dis- 
tinctions of any kind on any basis what- 
soever, except the obviously necessary 
distinction between engineers and non- 
engineers. 

This raises the question as to who or 
what is an engineer. Seemingly we have 
lacked the courage to face this question. 
There is one very simple answer which, 
like most simple things, is all the harder 
to grasp but which, if generally accepted, 
would go a long way toward the solution 
of some of our most annoying problems. 
It is similar to the answer long since ac- 
cepted in the professions of law and 
medicine. I submit that an engineer 
should be any person legally recognized 
by the state as being qualified to practice 
the profession of engineering. If we would 
only accept that as our definition, together 
with its consequences, I believe we would 
have taken a major step toward the uni- 
fication of the profession. 

If you are still with me, let me hasten 
to assure you that it is not my purpose 
in this article to argue the question of 
licensing. However, when 46 of the 
states have engineering registration laws, 
it is a factor to be reckoned with and 
hence, in my view, a matter of funda- 
mental concern to us as engineers and as 
citizens. Accordingly, some considera- 
tion of it in any discussion of the ideal 
organization of the profession is necessary. 
Ideally, should not the profession police 
itself as a_ self-governing, democratic 
body? If so, then licensing may be a 
useful means to that end by putting the 
authority of the state behind the determi- 


nations of an organized professional 
group, whose members, in the final 
analysis, should determine who should 


or should not be licensed, or to put it 
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i another “way, who is and who i is 
I think we shall have to admit me a; 
% ; 


? engineer. 


not an 


that, as a professional group, we have not. 
handled this matter as wisely as we 
might have done. So here is at bs 


one specific task for our ideal common — 


engineering society, and at least one reason | a 


for its organization along political and 


geographic lines. 
Of course there are many other things 
which such a basic organization would 


do, and there probably will be honest — 


differences of opinion as to which of these 
things are more important. 


indicate their relative importance to the 


profession or to the public but simply as 
illustrative of the scope of such an engineer- — 


ing society as is here proposed, the follow- 
ing items, I believe, would be generally 
agreed upon as entitled to consideration. 


A DEMOCRATIC ORGANIZATION 


Continuing with the thought of pro- 
fessional self-government, it seems to me 
that our basic engineering society would 
naturally be concerned with a program 
similar to but going beyond that sponsored 
by Engineers’ Council for Professional 
Development.‘* If the profession is to 
govern itself in a democratic fashion and 
with an eye to the public interest it would 
seem that the profession should assume 
responsibility for the selection and guid- 
ance of young people who presumably 
could benefit themselves and society by 
receiving an engineering education, should 
determine the content and standards of 
that education, should assist the graduate 
in the early years of his professional career 
and encourage his development as a pro- 


- fessional man, should specify what con- 


stitutes full professional status and when 
an individual shall be recognized as a 
member of the profession, and finally, 
should establish and enforce a code of 
ethics and canons of practice. 

Intimately associated with professional 
self-government, indeed from one point 
of view perhaps a part of it, is the problem 
of the economic status of the engineer. 
Much has been said on this subject but 
it is difficult to point to tangible accom- 
plishments. One gets the impression that 
the rank and file of the profession are 
still far from being satisfied with their 
place in the economic scale. In recent 
years the problem has been complicated 
by collective bargaining. The profession 
seems to have been quite unprepared not 
only to cope with this problem but even 
intelligently to advise its members. It 
seems reasonable to suppose that these 
matters might have been handled to 
much better advantage for the individual 
members. as well as for the profession as a 
whole had there been in vigorous existence 
the type of organization under discussion. 
This is not to say that the organization 
would have been a bargaining agency, 
because as I understand the legislative 
enactments and their interpretations this 
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- Without | 
attempting to make a complete list or to — 


ise 


a 


; 


type of organization would not be recog- 


\ 


nized as an appropriate bargaining group, 


and, moreover, I, for one, do not believe 


that a professional association can use the 
‘conventional and traditional methods of 
collective bargaining and still retain its 
professional character. 

Further discussion of the economic 
status of the engineer and of related prob- 
lems such as the not wholly advantageous 


use of technical manpower in the war 


effort and the completely inadequate pro- 
vision for assuring a continued supply of 
trained technical personnel would serve 
only to support the major premise stated 
in the beginning on which there appears 
to be such general agreement. The fact 


is that our efforts to take care of some of 


these things through joint co-operative 
efforts of existing organizations have been 
belated, halting, and tragically ineffective. 
As I see it the question is how soon shall 
we recognize the weakness and futility 
of our present position and have the 
courage and determination to rectify it. 


Sy PUBLIC SERVICE AND THE ENGINEER 


Self-government of the profession should 
be directed not only toward the establish- 
ment and maintenance of high professional 
standards and the promotion of the eco- 
nomic and social welfare of the individual 
member but toward the ultimate goal of 
enlightened and gratuitous public service. 
Many engineers are more particularly 
concerned with this broad objective. 
Again the opportunities and needs in this 
field have been much discussed but little 
tangibly has been accomplished.?.6~12 

Proceeding on the theory of learning 
to walk before we run, recent efforts in 
this field have been wisely directed prin- 
cipally to local community problems.?:13~15 
Here again I believe an objective observer 
would conclude that more rapid progress 
would be made and the influence of the 
profession would be stronger if our efforts 
were not handicapped by the ponderous 
amenities of interorganizational relation- 
ships. From an ideal point of view, which 
is where we started, it is difficult for me 
to see how there can be any doubt of the 
greater constructive influence of the engi- 
neering profession in local communities, 
in states, and in the nation, were it 
organized to speak for the profession on 
civic and professional problems with one 
voice and promptly, as occasion requires. 

There does not appear to be the same 
urgency for bringing together engineers 
in one organization for the purpose of 
pursuing to greater advantage their 
technical objectives. Probably the reason 
for this is experience has shown that these 
objectives can be pursued successfully 
without too great mutual interference. 
To be sure, many will recognize the need 
for a greater degree of co-ordination of 
effort than sometimes obtains but on the 
whole the situation does not present as 
serious a problem. Nevertheless, it would 
seem wise to discourage further subdivision 


ie 


“ment 


> Aen 


Ante more highly ‘specia 


societies and to promote the reunion of th 


the specialized groups in related fields, 


It is conceivable that the existence of a ; 


strong organization of engineers as mem- 
bers of one profession rather than as 
specialized technicians would help to 
stabilize the technical societies. However, 
in my opinion, the latter should be com- 
pletely autonomous. 

In contrast with what I have suggested 
with respect to the membership of the 
basic professional organization, namely, 
that there should be just one class of 
membership consisting of those who are 
recognized by the profession as being in 
fact engineers, the technical societies 
might advantageously continue a plurality 
of grades of membership based on age, 
education, professional status, employ- 
in related fields, distinguished 
service, or any other criteria that seem 
good to them. But I would earnestly 
recommend that in every technical society 
there be one grade of membership called 
by the same name and open only to those 
individuals who are recognized by the 
basic professional organization as being 
engineers, although not restricted to 
members of that organization. It seems 
to me that, if we are ever to bring an end 
to the confusion as to who or what is an 
engineer, we must do something about it 
ourselves in our own membership nomen- 
clature and in our method of recognition 
of that status. 

Of course, I am assuming that the 
several technical societies will, by common 
consent, leave to the basic engineering 
organization all those activities which I 
have suggested as being a part of its reason 
for existence. If we expect to get any- 
where we must stop getting into each 
other’s way. 

There are still a great many who very 
sincerely favor the idea of some form of 
joint activity of the existing organizations, 
some form of ‘league of nations” of the 
engineering societies, or a plurality of 
such leagues at various levels. I expect 
that those viewpoints will be adequately 
presented. : 

In our consideration of the kind of 
organization best suited to our purpose, 
a federation of autonomous societies or 
an independent society of individual 
members, I suggest that we ask ourselves 
these questions: 


1. If a federation at the national level is 
decided upon who will represent us in a 
particular state on matters peculiar to or 
confined to that state and who will be our 
voice in a city or county on local problems? 


2. Can a federation of groups having a 
diversity of primary objectives in specialized 
fields function as expeditiously and efficiently 
on a matter of common civic or professional 
concern as an organization composed of 
individuals and devoted exclusively to that 
field? 


3. Has human nature changed to such an 
extent in the past 25 years that the present 
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acl ee of the past 252 
wiser in trying ~ anothe _me hod 
already gives definite promise of | ut 


4. ~Which ‘Pe of organization 


tion composed an a pitino AAS autonomotsl 
societies whose membership includes many 
nonprofessional persons, or a single acieGs 
composed exclusively of engineers? ‘a 
5. Which type of organization will be most 
likely to stimulate the individual members. 
to active participation in the solution of our 
common civic and professional problems, a 
federation on the national level somewhat 
remote from the individual or an organiza- 
tion composed of individuals and built on — } 
the active participation of the individual in — 
his local chapter, in his state society, and in — 
his national society? - 
Many changes can be rung on these — 
five questions but I believe you will find — 
that they cover the field of choice which 


we must make. 


‘FEDERATION’ IDEA UNSUCCESSFUL 


We have tried the “league of nations” 
idea. It was not too successful. In the 
light of that experiment so recently con- © 
cluded I am in favor of trying another 
method. I commend to the present-day 
proponents of a federation of the engineer- | 
ing societies that they read the recorded 
accounts of the formation of the Federated 
American Engineering Societies which 
they will find published in the journals 
of their respective organizations for the 
year 1920. 

That federation was launched with 
much more fanfare than engineers are 
usually able to muster for their activities. 
Those were the days when, because of the 
accomplishments of engineers in World 
War I, there seemed to be an opportunity 
to ride the crest of the wave of public - 
approbation of and admiration for the 
accomplishments of the engineering pro- 
fession and of its individual members. 
The whole thing seemed to reach a climax 
in the leading editorial of the Washington 
Herald for November 20, 1920, in which 
the editor opined: 


“When the history of the year 1920 comes 
to be written by chroniclers and interpreters 
of its important events they will say that the 
formation in this city of the American Engi- 
neering Council of the Federated American 
Engineering Societies was epoch marking. 
Conceived during the war, born during a 
period of reconstruction, it has within it 
even as a child among institutions, a power 
that statesmen, politicians, taxpayers, and 
plain folk must reckon on as henceforth 
important. 


“The persons who are affiliated with this 
newly constituted council are experts as 
compared with ordinary civilians or public 
officials. As human beings, taxpayers and 
democrats, they are weary of the unnecessary 
costs, the bureaucratic tyrannies and futili- 
ties and the nonrepresentative methods of 
carrying on public business. They learned 
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But as for the engineers they are out to fight 
to the bitter end to conserve national wealth, 
‘facilitate cheap and swift transportation of 
pgoods, and passengers, pacify warring capital 

_and labor, co-ordinate governmental ma- 
} “chinery, and make the proved facts of applied 
Beoetce count for more with the average 

American citizen than the imaginative 
eloquence of the political orator or the 


“subtly perverted instruction of the hired 
: _ journalist.” 


In the light of the sequel, comment 
would seem to be superfluous. Suffice 
it to say that the Federated American 
_ Engineering Societies and American Engi- 
neering Council, its administrative agency, 
were quietly laid to rest at the tender 
_age of 20 years; immediate cause of death 
-—malnutrition.16 
_ I commend to any of you who are 
inclined to be convinced by the arguments 
“of those who advocate federation that 
you go to a library if your own files of 
your respective journals do not go back 
to 1920 and read there all the pros and 
cons, but mostly pros as is only natural 
in a journal of a society favoring a par- 
_ ticular type of action, regarding a federa- 
tion of autonomous engineering societies, 
That there were doubters in those days 
_ is evidenced by the lengths to which some 
of the pros went to demonstrate that such 
_a federation would be representative and 
democratic, that it would have the ad- 
vantage of fine prestige, and that local 
organizations would be represented ade- 
quately. Considerable was written to 
_ prove that the organization would not be 
unduly cumbersome in its functioning. 
One of the opposing prophets was quoted 
anonymously before his argument was 
demolished. I quote him because he was 
a better prophet than he knew: 


“The engineers of the United States today 
number at least 100,000—possibly 200,000. 
Within a decade or two it is not impossible 
that this may be increased to 500,000. 
Anything short of an effort to bring every 
one of these engineers individually into the 
fray by giving them a direct vote and other- 
wise, would be in the first place to go counter 
to every modern tendency in democratic 
theory, but of. even greater immediate im- 
portance, it would deprive the new federation 
of the most obvious means of educating and 
gradually enthusing the rank and file. This 
is just the kind of opportunity which was 
missed in the failure to provide that the 
members of the American Engineering 
Council should be elected by the votes of 
the members of the constituent organiza- 
tions rather than by the boards of these 
organizations.” 


NEW INDEPENDENT ORGANIZATION 


Admittedly, a federation of existing 
organizations is attractive. It has one 
apparent advantage in that it can claim 
immediately to speak for not only a repre- 
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‘ sentative | ‘cross section of the profession ; 
Ae but a substantial majority thereof. It can 
claim to speak for them but the fun 

begins when it attempts to do so. A new 
_ and independent organization, on the 


he 


ane ne siaenceans and advice well and good. 


other hand, has a long, hard struggle to 
sell itself to a sufficiently large and repre- 
sentative number of individuals before 
it can make and support such a claim. 
When it does arrive at that stage, however, 
it has a much better chance of making 
good its claim of representing the views 


‘and wishes of its members. 


. 


NATIONAL SOCIETY OF PROFESSIONAL 
ENGINEERS ‘s 


Fortunately, we don’t have to start from 
scratch. We don’t have to organize 
another new society. Such an organiza- 
tion, the National Society of Professional 
Engineers, is already in existence and is 
growing steadily in strength and in in- 
fluence. It is not perfect. No organiza- 
tion conceived by human beings ever has 
been perfect. But it is structurally simple 
and sound, and it is aimed in the right 
direction. By giving it our support and 
guidance, we can build it into a great 
instrument for professional advancement 
and the development of civic consciousness 
among engineers. By continuing to talk 
rather than act, we can let it remain just 
another engineering society. 

Shall we spend another 25 years in 
debate, in forming and later tactfully 
trying to discharge joint committees or 
agencies which have outlived their useful- 
ness, in trying to preserve the status quo 
as between the Founder Societies and the 
40 or 400 smaller but uncomfortably 
vigorous offshoots? Or shall we set our 
house in order using the lessons of the past 
as a guide and courageously discarding 
those traditions, sentiments, or procedures 
which no longer serve a useful purpose? 


NOT A PANACEA FOR ALL ILLS 


I am not offering for your consideration 
a panacea for all the ills of the profession. 
I am not offering you an easy solution. 
Quite the contrary. If we should be 
fortunate enough to have all the qualified 
engineers in one organization, that in 
itself would not solve our problem. We 
must work. We must give. We must 
shake off the lazy habit of letting George 
do it. We must recognize the futility of 
the typically American procedure of 
passing a resolution or a new law every 
time a problem arises, and then relaxing 
in the fond hope that we have solved 
something. 

My proposal does not require affirma- 
tive action by any existing organization 
as such. It simply requires action by 
individuals and that action can be taken 
only if you and I as individuals so desire. 
If you agree with our major premise and 
if you want to do something about it 
yourself, here and now, join the National 
Society of Professional Engineers and take 
as active a part in its affairs as your time 
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and talents permit, 


If you have not been 
licensed to practice professional engineer- _ 


ing but are qualified, apply for registration — ‘ e 


and obtain your license so that you may — 
be eligible for membership in that organi- 
zation. These are matters of individual — 
rather than group determination and 
hence are capable of prompt instead of © 
delayed execution. : 
If enough of us pursue this course, 
ultimately the technical societies, as a 


matter of policy, will confine their ac- 


tivities to their primary fields in which 
they have done such excellent work. In 


the case of the AIEE, this is “‘the advance- 


ment of the theory and practice of elec- 


trical engineering and of the allied arts 


and sciences.” And they will be relieved 
of the necessity of devoting any of their 
resources to the halting attempts at co- 
operative action in those broader fields 
in which the profession has been so in- 
effective. 

Admittedly, this is a bold proposal, but 


we must be bold if we are to organize the 


engineering profession for more effective 
service to its members and to the public. 
In submitting this article, it is my delib- 
erate purpose to arouse the active partici- 
pation of the members of the Institute in 
discussions which should accelerate our 
progress toward that goal. We have 
drifted and compromised far too long. 
We must act. 
lined here, I believe I am on the right 
track, and therefore I recommend them to 
you. What do you think, or better still, 


what have you done? 
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INSTITUTE 


Summer Technical-Paper Program Announced; 


Closing Date for Discussion, July 15 


With the cancellation of meetings due to 
travel restrictions the second series of tech- 
nical papers to take the place of those which 
would have been presented at the summer 
meeting are offered for discussion by mail. 

Many of the papers available now have 
important wartime applications, which also 
will be useful in peacetime. Presented at 
this time are papers in the following fields of 
activity: instruments and measurements, 
air transportation, basic sciences, communi- 
cation, domestic and commercial applica- 
tions, electric welding, induction and dielec- 
tric heating, electric machinery, instruments 
and measurements, power generation, pro- 
tective devices, and power transmission and 
distribution. 

Pamphlet copies of papers, for which ab- 
stracts appear in the section immediately 
following, may be ordered, at prices shown, 
from the AIEE Order Department, 33 West 
39th Street, New York 18, N. Y. Coupon 
books in five-dollar denominations are avail- 
able for those who may wish this convenient 
form of remittance. A convenient order form 
also is included with the announcement of 
the “Summer Technical-Paper Program” 
that is being mailed to members in the 
United States and Canada. 

Pertinent discussion adds greatly to the 
value of a paper. If you have comments 
related to the treatment of subject matter in 
any of the papers, submit your discussion 
and help advance the profession. Discus- 
sions should be mailed in triplicate before 
the closing date of July 15, 1945, to C. S. 
Rich, secretary of the technical-program 
committee, AIEE, 33 West 39th Street, New 
York 18, N. Y. The papers and approved 
discussion ultimately will be published in 
AIEE Transactions; most of the papers also 
will appear in Electrical Engineering. 


ABSTRACTS eeee 


Air Transportation 


45-108—Treatment of High-Altitude 
Brushes by Application of Metallic Halides; 
H. M. Elsey (M’44). 15 cents. It has 
been found that the rapid wear of brushes 
under high-altitude conditions can be pre- 
vented by the treatment of the brushes with 
a suitable metallic halide. Carbon, electro- 
graphitic, and metalgraphite brush grades 
all respond to such treatments. A great 
many nondeliquescent metallic iodides, 
bromides, chlorides, and fluorides have 
been tested and found to prevent brush 
dusting on the heavy-duty electric units of 
aircraft. These treatments also have been 
applied with considerable success to earth- 
surface machines operating under severe 
commutating conditions. A mechanism by 
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which this class of chemical compound may 
react to maintain a satisfactory low-friction 
film on a commutator is proposed. 


. 


45-127—An Interval and Dwell Tester for 
Bomb-Release-Interval Controls; 7. H. 
Long (M’44). 15 cents. The device de- 
scribed is essentially a frequency meter with 
a scale proportional to the logarithm of 
1/frequency and a dwell meter suitable for 
use on inductively loaded contacts in d-c 
circuits. It has been found useful in several 
jobs in military aviation, one of which is 
described in some detail. An appendix 
gives a simple analysis of the shape of the 
frequency-scale distribution obtained. 


Basic Sciences 


45-121—Ferroinductance as a Variable 
Electric-Circuit Element; J. D. Ryder 
(A’40). 30cents. A new empirical equation 
for the magnetization curve of a steel is used 
to derive an expression for the inductance of 
iron-cored coils at all current values. This 
expression is checked experimentally and 
then applied to analysis of a-c circuits con- 
taining such coils. Methods for obtaining the 
reactance and effective resistance of iron- 
cored coils for any current value then are 
developed. As a check of the methods, the 
concept of ferroreactance is applied to the 
ferroresonant circuit and expressions se- 
cured for resonant voltage, capacitance, and 
the value of the critical resistance. 


45-137—Eddy-Current Resistance of 
Multilayer Coils; 7. H. Long (M°44). 
20 cents. A precise and simple-formula is 
derived for the eddy-current loss in a spiral 
coil wound from flat ribbon and closely 
surrounded on three sides by iron of negli- 
gible reluctance. Results are shown 
graphically. A comparison is given against 
an earlier formula based on successive ap- 
proximations and shows good agreemnt for 
the range in which the earlier formula is 
valid; this range is defined. Differences in 
successive layer lengths are accounted for in 
a modification of the formula. Approxima- 
tions are introduced to cover absence of the 
partial magnetic circuit and the use of round 
wire. Derivations are given for minimum 
loss for a number of circumstances. Example 
applications are given for some of the 
formulas derived, and derivations are given 
in detail. 


45-138—Resistance and Capacitance Rela- 
tions Between Short Cylindrical Conduc- 
tors; F. L. ReQua (M’39). 20 cents. A 
simple formula is developed for the capaci- 
tance between two parallel cylindrical 
conductors of relatively short length com- 
pared to the distance separating them in 
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terms of a sdineieal of their length 
and distance of separation. Tables 
included giving values of this functio 
all values of the argument within the u 
range. Application of the generalized 
tion between the capacitance and resista: 
of a given configuration of conductors 
dielectric or conductive medium respec- 
tively and Kelvin’s image law to the origina 
formula yields a number of useful formu s 
covering both resistance and. capacitance 
between two or three cylindrical conductors 
and between cylindrical conductors and 
planes. Results calculated by these for- 
mulas are confirmed by load tests on a large 
three-phase water rheostat at Bonneville. 
The formulas and test indicate that electrode-_ 
surface current density on such a rheostat 
decreases with increase of length of electrode 
immersed in the conducting medium. 


Communication : 


45-134—The S-Function Method of 
Measuring Attenuation of Coaxial Radio-- 
Frequency Cable; Chandler Stewart, Jr. 
75 cents. A new method of measuring the 
attenuation of coaxial radio-frequency cable 
is proposed. It consists of short-circuiting 
one end of a sample about one seventh of a 
wave length long, connecting the other end 
to a Q meter, and applying the data ob- 
tained to a-curve to obtain attenuation. 
Although a knowledge of the characteristic 
impedance of the cable is required, an error 
in its value will cause a much smaller error 
in attenuation results. This method is 
limited by the design of presently available 
instruments to frequencies from about one 
to 100 megacycles. 


Domestic and Commercial 
Applications 


45-116—Coincidence-Factor Relationship 
of Electric-Service Load Characteristics; 
Constantine Bary (M°43). 20 cents. This 
paper contains a demonstration of the 
existence in practice of relationships be- 
tween group coincidence factors and number 
of consumers, and between group coinci- 
dence factors and consumers’ load factors. 
It describes the influence of population 
habits, community and business practices, 
weather and other climatic conditions, de- 
sign of utilization equipment, and method 
of service control upon the coincidence in 
the use of service. Empirical relationships 
are developed from test observation of a 
large number of consumers of the domestic, 
commercial, and industrial classifications 
including data for almost a decade before 
World War II, during the defense period 
and the height of war-production activities. 
The relationships developed are analyzed 
from theoretical considerations, are formu- 
lated in a general manner, and are qualified 
as to the significance of the quantitative 
values with a demonstration of the effects 
of various factors upon the empirical rela- 
tionships. 
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45-102—Symmetrical Component as Ap-— 


plied to the Single-Phase Induction Motor; 
F. W. Suhr (A’43). 25 cents. This paper is 
eS to show in detail the application 
_ of the method of symmetrical components to 
* the solution of single-phase-induction-motor 
: performance characteristics. According to 
2 _ this method single-phase motor theory follows 
_ very closely the simpler case of the balanced 
_ polyphase motor theory. The author of 
_ this paper is of the opinion that a clearer 
concept of the physical theory can be ob- 
tained from this as contrasted to other 
methods—either the revolving-field or the 
cross-field concepts. Several special cases of 
particular interest are developed. The 
author has endeavored to demonstrate the 
versatility of the symmetrical-component 
_ method in the solution of single-phase induc- 
_ tion motors. The theory is continuous in 
_ the mathematical sense in that special cases 
are set up simply by allowing some param- 
_ eter to be zero or infinity to fit the physical 
aspects of the problem. The derivations 
are general enough so that if R: is not the 
., same for the low-frequency positive-sequence 
' rotor currents, as it is for the higher-frequency 
hegative-sequence rotor currents, proper 
allowances can be made in the calculations. 


_ 45-111—Static Voltage Regulator for Roto- 
trol Exciter; E. L. Harder (M°47), C. E. 

_ Valentine (M°41). 25 cents. This paper 
describes a new type of static control net- 
work for use in a rotating amplifier-type 
voltage-regulating system. The new net- 
work is a circulating-current type contrasted 
with the less efficient balance-voltage ar- 

_rangements used previously. Analysis is 

given of the basic circuit and associated 
auxiliary circuits. These include a new 
circuit for securing polyphase response, 
provision for regulating at constant voltage 
in spite of frequency variation, and reactive 
droop compensation. Test results confirm 
the theoretical analysis. 


45-120—Tapered-Thickness Bimetal; W. 

| B. Elmer (A’35). 25 cents. The most im- 
portant properties of flat thermostatic bi- 
metal strips of uniformly tapered width or 
thickness or both have been analyzed mathe- 
matically and the findings are described in 
this paper. Force and deflection values for 
such tapered strips may be obtained readily 
from the well-known standard handbook, 
formulas for flat strips by the inclusion of 
coefficients obtainable from conveniently 
usable charts presented in the paper. A 
tapered-thickness form having an approxi- 
mate four to one taper is found to be the best 
practical embodiment of the thickness- 
tapered bimetal strip, giving a one-third 
increase in work per unit weight of material 
as contrasted with conventional flat strips 
of uniform thickness. A dual-tapered form 
has been found especially useful in reducing 
vibration troubles in slow-acting thermostats, 
and formulas are given for determining the 
fundamental frequency of single- or dual- 
tapered strips of any taper ratio. 


45-123—Selsyn Design and Application; 
T. C. Johnson (M’43). 25 cents. New de- 
signs of Selsyns and new applications of 
standard designs and principles greatly have 
increased the field of use of Selsyn systems in 
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ments is necessary. Two basic types of 
Selsyn systems are described: generator— 
motor, and generator—control transformer. 
Representative applications which make 
effective use of these systems are shown to 
bring out the design requirements. The 
variety of servo systems using Selsyn genera- 
tor—control transformer control (now in 


almost universal use for military equipment 
. and finding increasing use in industry) is 


pointed out. The causes and magnitudes of 
errors in Selsyn systems are discussed. The 
paper concludes with a discussion of possible 
troubles and a list of specifications for Selsyn 
systems to insure satisfactory applications. 


45-119—Synchronous Starting of Gener- 
ators and Motor; C. Concordia (M37), 
S. B. Crary (M37), C. E. Kilbourne (M 37), 
C. N. Weygandt, Jr. (A’37). 25 cents. It 
becomes necessary on many occasions to 
start a large synchronous machine by con- 
necting it electrically to a generator with 
both machines at rest and excited, then 
starting the generator by applied shaft 
torque, and pulling up the motor by the 
electrical synchronous torque developed. 
This paper presents the results of a study 
by means of the differential analyzer of this 
method of starting, together with factory 
tests. Some of the conclusions drawn from 
this study are: considerable motor torque 
can be developed by this method of starting, 
when the total armature circuit resistance 
is low; the optimum ratio of motor to gene- 
rator excitation is such that the normal- 
speed open-circuit voltage ratio is about 
0.8; for each circuit condition there is an 
optimum value of applied generator torque 
which will start the maximum motor torque, 
and it is desirable to have a fairly good 
amortisseur on both machines, if they are 
not of solid-pole-face construction. 


45-125—Industrial Control: Heating of 
Shunt-Motor Starting Resistors; G. F. 
Leland (M45), L. T. Rader (M43). 20 cents. 


This paper presents an analysis of condi-, 


tions which exist when a shunt motor is 
started with constant field and one point of 
armature resistance. .The two cases of a 
constant-torque load and a load torque 
which varies directly as the speed, together 
with any system inertia, are treated. Gen- 
eral analytical expressions are developed 
from which curves are obtained -with co- 
ordinates in dimensionless quantities of cur- 
rent and speed at any time as a function of 
the initial inrush current, moment of inertia 
of the system, load torque, and final speed. 
Curves also are given for the watt-seconds 
generated in the starting resistor as a func- 
tion of the circuit and load parameters and 
time. Expressions and curves also show the 
magnitude of the second current peak as a 
function on initial current peak, load cur- 
rent, and switching time. 


45-129—Impulse-Failure Detection Meth- 
ods as Applied to Distribution Trans- 
formers; H. C. Stewart (M’36), J. E. Hol- 
comb (A’471). 20 cents. This paper gives 
the results of an investigation of possible 
methods of impulse-failure detection with 
particular reference to transformers of the 
distribution size. The data presented con- 
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sist of the following procedures for identi: 
fying impulse failures: 


1. The examination of voltage waves at various points 
in the transformer structure for possible changes in shape. 


2. The inspection of neutral-current waves flowing - 
through a transformer neutral impedance. 


It is shown that observation of the changes — 
in the impulse-voltage wave cannot be de- — 
pended upon to indicate a fault in distribu- 

tion transformers but that the observation 

of a voltage wave across a neutral impedance 
in which neutral current flows is a relatively 

simple and effective method of impulse- 

failure detection. It also is demonstrated 

that the methods outlined in American 

Standards C 57.2 and 10.122, which utilize_ 
normal-frequency excitation and the ob- 

servation of smoke and bubbles, are com- 

pletely ineffective as a means of impulse- 

failure detection. Recommendations are 

made for the inclusion of the impulse neutral- 

current method in the test code. 


45-130—Guides for Operation of Trans- 
formers, Regulators, and Reactors; AIJEE 
subcommittee on transformers. 30 cents. This 
paper was prepared by the transformer sub- 
committee of the AIEE committee on elec- 
tric machinery. It presents a complete re- 
vision of American Standards Association 
Recommended Practice C 57.3 covering 
guides for operation of transformers and — 
regulators. The principle information given 
is on loading of equipment under various 
operating conditions to give normal life ex- 
pectancy or moderate sacrifice of life ex- 
pectancy. Such data are given for trans- 
formers having specified characteristics, and 
the use of Appendixes I and II will enable 
the reader to calculate similar data for 
transformers having other characteristics. 
Application at altitudes greater than 3,300 
feet is covered. 


Electric Welding 


45-104—Line Drop Produced by Various 
Resistance-Welding Systems; R. L. Longini. 
75 cents. Resistance-welding machines fre- 
quently cause high line drop resulting in ob- 
jectionable light flicker. A simple formula 
is given for calculating its magnitude. Vari- 
ous methods of reducing the line drop are 
discussed and are compared as to results. 
Among these are operation at 2,300 volts 
instead of at 220 or 440, use of series capaci- 
tors to correct power factor, and use of elec- 
tronic conversion to produce low frequency, 
thus correcting power factor and balancing 
the load on the three-phase line. These 
various correction means must be con- 
sidered from a metallurgical as well as an 
electrical point of view. 


45-118 —When the Welding Load Out- 
grows the Distribution Power Supply; 
C. N. Clark (A’36), C. M. Stearns. 15 cents. 
Certain voltage limitations are encountered 
in supplying single-phase welders from a 
local 2,300—4,000-volt distribution circuit 
which would not apply in serving the usual 
three-phase power loads of similar size. 
The two charts shown in the paper have 
been useful in choosing a satisfactory 
method of serving welding loads. Modifica- 
tions to the power system and customer’s in- 
stallation may eliminate the necessity for a 
new connection from a higher-voltage source. 
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P Industrial Power Applications 


45-107—Design of Induction-Heating Coils 
for Cylindrical Nonmagnetic Loads; J. T. 
Vaughan (A’44), J. W. Williamson (A’43). 
25 cents. Equations are presented for the 
calculation of the required number of coil 
turns to match a given power source for 
solenoidal coils with coaxial cylindrical loads. 
The equations apply to both solid and 
hollow loads. A correction factor is estab- 
lished for coil shortness, providing the coil 
length is equal to or greater than the coil 
diameter. Also given are equations for 
power distribution, impedance values, and 
‘efficiency. It is shown that for relatively 
thin-wall hollow loads a definite frequency 
exists at which maximum power-conversion 
efficiency is obtained. The accuracy of the 
calculations is substantiated by experimental 
results. The development of the equations 
is shown in the appendixes. 


45-106—The Role of Frequency in Indus- 
trial Dielectric Heating; G. W. Scott, Jr. 
(M45). 20 cents. 
veloped to look upon frequency as a variable 
in dielectric heating which may be increased 
at will in order to increase the rate of heating 
quite independently of other factors. An 
attempt is made in this paper to determine 
the practical upper limit of frequency for 
large-scale industrial dielectric-heating in- 
stallations. It is apparent from the analysis 
that: 


1. None of the variables in the heating equation is 
completely independent of frequency or its effects. 


2. As frequency is increased, load capacitance must be 
decreased to allow tuning and to avoid short-circuiting 
the generator. 


3. At higher frequencies load length must be kept small 
to eliminate the possibility of standing waves. 


4. Increased frequency accentuates the load-shunting 
effect of stray capacitance and seriously reduces over-all 
efficiency of dielectric heating. 


It appears likely that the frequency band 
from 10 to 30 megacycles will prove best for 
large-scale industrial dielectric heating, that 
is, for load capacitances up to 500 micro- 
microfarads and for output power as high as 
100 kw. 


Instruments and Measurements 


45-105—A Tachometer- Accelerometer- 
Vibrometer for Instrument Gyro Testing; 
R. M. Laurenson, T. H. Long (M’44). 15 
cents. ‘Tooling up for instrument gyro pro- 
duction required the development of certain 
items of special test equipment, among them 
an electronic instrument that combines 
1,000-rpm and 15,000-rpm_ tachometers 
with a direct-reading accelerometer from 
—0.9 to —0.45 radians per second per 
second. The electrostatic coupling between 
the gyroscope and the measuring instrument 
does not perceptibly influence the gyro- 
scope. The paper gives details as to circuit 
performance and calibration procedure and 
a brief history of the development. 


45-110—Heat-Flow Effects in the Resist- 
ance-Type Thermometer; WN. P. Millar 
(A’44). 25 cents. Specifications for the re- 
sistance-type temperature transmitter for air- 
craft applications are necessarily rigid with 
respect to accuracy and response. This pre- 
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A tendency has de- . 


of ee 


that must be controlled for rel ity” 
results. The most important variables G 


affecting accuracy and response are evalu- te 
| This = 


ated for several conditions of test. 
paper primarily outlines the fundamental 
equations that may be used in the solution 
of steady-state conduction problems, and an 
expression also is developed that describes 
the response performance of a typical bulb. 
The effects of variations in the speed of 
agitation of the medium being measured on 


(1) the accuracy of temperature detection ~ 


and (2) the response time of the element are 
evaluated. 


45-133—Response Time and Lag of a 
Thermometer Element Mounted in a 
Protecting Case; W.N. Goodwin, Jr. (F’13). 
25 cents. A thermometer element contained 
in a protecting case, as in resistance and bi- 
metal types, exchanges heat with an external 
medium indirectly through the protecting 
case. This increases the time of response 
when it is immersed in a constant-tempera- 
ture medium and also increases the amount 
of lag in temperature of the thermometer 
element behind that of the medium when the 
latter is changing in temperature. Equa- 
tions are derived for the temperature of the 
thermometer element at any time for these 
two conditions, and both are found to be 
functions of three time constants of the de- 
vice. The equations are applied specifically 
to a resistance thermometer, but in general 
they apply to any body exchanging heat 
with a medium indirectly through another 
body. Equations also are derived and appli- 
cations made to a resistance-type ther- 
mometer for the distribution of temperature, 
under static conditions, along its stem im- 
mersed in a constant-temperature medium, 
and for the resulting errors. Curves are 
given for the four conditions, both for a 
particular resistance-type thermometer, and 
for the general case as functions of non- 
dimensional parameters based upon the time 
constants of the device.’ 


45-135—Biased-Core-Current-I'ransformer 
Design Method; Theodore Specht. (A’47). 
75 cents. It has been well known that pecul- 
iar improvements in performance of a cur- 
rent transformer occurred when it was con- 
structed with two parallel cores with differ- 
ent turns on the cores. Both the ratio error 
and phase angle are much reduced in value 
with this construction. It was understood in 
a general way how the transformer operated, 
but calculation of performance is compli- 
cated by the necessity of solving for the flux 
density in the two cores simultancously. 
This paper develops a method of simul- 
taneous solution that is practical, quite 
rapid, and has a good degree of accuracy. 
The method depends on a curve of the 
magnetizing impedance as a function of the 
voltage for the cores and a set of equations 
in which repeated substitution approaches 
the operating point of each core as a limit. 
The limitations of the construction are 
analyzed and a comparison between calcu- 
lated and test values given. This practical 
and straightforward method of calculation 


will make possible a better evaluation of this. 


transformer and determination of its field of 
use. 
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obtained by a new iateloan ‘conted! : 
causes the steel-mil] turbine generat 
accept the variable mil] loads with pro 
for modifying the amount of the enfor 
load according to available steam press 
The conditions of the power-supply sys 
the mill loads, and available mill power 
ply together with a description of the 
control and records of its effects are cited in - 
the paper. a: 


45-114—Automatic Load Control for Tur-3 
bine Generators; F. E. Crever (A’27), R. L. 
Jackson. 20 cents. This article describes a 
load control for turbine. generators installed’ : 
on 20,000-kw turbines at the plant of the — 
Tennessee Coal Iron and Railroad Company ~ 
at Fairfield, Ala., to reduce the load swings — 
imposed on a tie line by a hot-strip mill. 
Previous to installation of the equipment 
described, the turbine generators carried 
load under control of their speed governors — 
and variations in strip-mill load, which are 
about 20,000 kw, were imposed upon the 
power-company tie line causing disturbances _ 
on the power system. It was desired to 
develop means of imposing part of the strip- 
mill load on the Tennessee Coal Iron and © 
Railroad Company generators. The method © 
selected was based upon a static watt- 
measuring circuit, the output of which is an 
Amplidyne generator which in turn operates 
the pilot motor of a hydraulic relay, at the 
turbine to control the steam admission valves. 


Power Transmission and 
Distribution 


45-103—Oil Stresses in Impregnated- 
Paper Insulation; J. B. Whitehead (F’72). 
75 cents. The values of the stresses in the oil 
channels of cable-type impregnated-paper 
insulation as related to the density of the 
paper are computed in terms of measured 
values of dielectric constant. The analysis 
is extended to the case of the graded cable 
having papers of two values of density. It is 
shown that the use of high-density paper 
alone results in higher oil stresses than those 
resulting with lower-density paper. It also 
is shown that in the graded cable the use of 
denser paper may lead to higher or lower oil 
stresses, as determined by La gale and rela- 
tive radial thickness. 


45-115— Lightning Investigations on 
33-Ky Wood-Pole Lines; F. FE. Andrews 
(M27), G. D. McCann (M’44). 30 cents: 
This paper describes a three-year investiga- 
tion of the lightning exposure and perform- 
ance of 33-kv wood-pole transmission lines 
with various types of construction and light- 


ELECTRICAL ENGINEERING’ 


CS ea 
Studies | 1 made ek 


. ete 3 of : ies “light ing surge 
‘vol ages coal flashovers on. unprotected lines 
correlated with the probability of occurrence 
p..of sustained power follow. _Crest-ammeter- 
link measurements on lines protected with 
overhead ground wires and deion protector 
q tubes have provided data on the frequency 
of direct strokes, the crest stroke currents, 
the crest magnitude of individual-pole ground 
leads, and the duty on protector tubes as. 
applied in different ways for line protection. 
_ A comparison is given between the relative 
_ effectiveness of various types of line protec- 
_ tion. 


Peas 2 126—New Transmission-Line Dia- 
grams; A. C. Schwager (M ’31), P. Y. Wang 
_ (A’43). 20 cents. In connection with the 
calculation of performance of transmission 
lines, various charts have found wide appli- 
cation, the modified Evans and Sels power 
circle diagrams probably being the most fre- 
e quently used ones. Recently in conjunction 
_ with impedance relaying, impedance dia- 
4 

_ 


bal _— le a et 


_ grams have been introduced. It is shown 
_ that these diagrams represent conformal 
mappings of complex functions. In conjunc- 
_ tion with the analysis of conformal map- 


_ pings, additional information is made avail- _ 


able which can be incorporated in the above 
diagrams, resulting in a reduction in the 
_ number of steps necessary to arrive at solu- 
_ tions. Todate, there has been lacking a uni- 
versal transmission-line diagram of sufficient 
~ simplicity for general use. A new universal 
- diagram, based on the ABCD constants, is 
developed by the introduction of a more 
_ suitable co-ordinate system, from which all 
the required data for any line can be ob- 
tained quickly and without construction. 


Protective Devices 


45-112—A New Outdoor Air Switch and 
the Principles Involved in Its Design; 
H. W. Graybill (M45), J. S. Ferguson (A’45) 
15 cents. The outdoor air switch, with its 
exposed contacts and moving parts, pre- 
sents an arduous design problem. Although 
such switches are used widely, relatively little 
literature is available concerning their de- 
sign. This paper discusses the problems 
associated with outdoor air switches and 
describes a switch designed to solve them. 


Statistical-Methods Applications 


45-132—Statistics as an Aid to Engineer- 
ing Judgment in the Manufacture of 
Lightning-Arrester Blocks; Casper Goffman. 
15 cents. A large body of mathematical 
statistics is now at the disposal of the de- 
velopment, or research engineer, a majority 
of the methods having been developed in 
the past 20 years. Much of the work of the 
engineer ultimately is resolved into the col- 
lection and interpretation of data; yet, few 
engineers are familiar with even the simplest 
statistical tests, such as “‘chi square,” or 
“significance of coefficient of regression.” 
In this paper a variety of statistical methods 
are discussed in relation to a complex manu- 
facturing process, the production of light- 
ning-arrester blocks. It is shown that the 
statistical method acts in two ways. It may 
confirm or reject an engineer’s judgment. 
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¥ 


First Mail Presentation of Papers Completed; 


- Preprint Sale Is Normal 


Presentation and Geode by mail of 
AIEE technical papers completed its first 
step on May 15, which was the closing date 


_ for submission of discussion on the 19 papers 


which comprised the replacement of the usual 
North Eastern District technical meeting. 
The technical meeting normally held had 
been canceled in line with the government 
ban on convention travel. 

Pamphlet copies of the papers were made 
available for distribution by mail order for 


those interested in studying and discussing 


them. Demand for copies was approxi- 
mately the same as though a meeting had 
been held, although it must be noted that 
convenient order forms were sent to a larger 
percentage of the membership than when a 


1945 Lamme Medal Nominations 
Due December 1 


Special attention is directed to the fact that 
the names of Institute members who are con- 
srdered eligible for the AIEE Lamme Medal, 
to be awarded early in 1946, may be sub- 
mitted by any member in accordance with 
section 1 of article VI of the bylaws of the 
Lamme Medal committee, as follows: 


The committee shall cause to be published in one or 
more issues of Electrical Engineering, or of its successors, 
each year, preferably including the June issue, a state- 
ment regarding the ““Lamme Medal” and an invitation 
for any member to present to the national secretary of 
the Institute by December 1, the name of a. member as 
a nominee for the medal, accompanied by a statement of 
his ‘“‘meritorious achievement” and the names of at 
least three engineers of standing, who are familiar with 
the achievement. 


Each nomination should give concisely the 
specific grounds upon which the award is 
proposed and also a complete detailed state- 
ment of the achievements of the nominee to 
enable the committee to determine its sig- 
nificance as compared with the achieve- 
ments of other nominees. If the work of the 
nominee has been of a somewhat general 
character in co-operation with others, 
specific information should be given regard- 
ing his individual contributions. Names of 
endorsers should be given as specified in the 
foregoing quotation. 
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Record of Achievement by 
Schenectady Section 


**A History of the Schenectady Section of 
the American Institute of Electrical Engi- 
neers” is the title of an interesting 30-page 
pamphlet recently published. The story 
runs from 1898 to 1944 and includes the by- 
laws adopted in 1916; the amendments of 
1927, 1928, and 1930, and appendixes 1-8 
inclusive. 

The purpose in writing this story was to 
give an over-all, broad, and authentic record 
of the most important events and general 


Institute Activities 


meeting is held. 
ing publication policy all the papers and dis- — 
cussions will appear in the 1945 AIEE 
Transactions. Some of the papers will appear 
in the monthly Transactions sections of 


Electrical Engineering and the others, together 4 


with discussion, will appear in the December 
1945 Supplement to Electrical Engineering— 
Transactions Section, which is produced for 
the convenience of members who do not 
subscribe to the Transactions. 

Two additional groups.of technical papers, 
corresponding approximately to the summer 
and Pacific Coast technical meetings that 
have been held in other years, are planned. 
An announcement of the first of these appears 
elsewhere in this issue. 


trends that led to the building of the Sche- 
nectady Section. 

Well-known personalities come to life 
again in this 50-year record of a very active 
Section, such as Charles P. Steinmetz, the ~ 
first speaker to appear before the newly 
organized society, called ‘““The General 
Electric Engineering Society.’’ His lecture 
was entitled ‘““The Rotary Converter.” 

Outstanding events are reviewed, such as 
the founding of the Schenectady—Pittsfield’ 
competitions for the purpose of encouraging 
engineers to stand up in public and deliver 
papers, and another, the observance of the 
50th anniversary of the transformer when 
William Stanley, its inventer, was honored. 
Many great men had a hand in the develop- 
ment of the Schenectady Section, which is 
ever striving for bigger accomplishments 
in the postwar world, 


Powel Says Age of Electricity 
Due After the War 


In arecent speech before the Niagara Fron- 
tier Section of the AIEE commemorating the 
50th anniversary of the installation of the 
electric generators at Niagara Falls, N. Y., 
C. A. Powel (F’41) AIEE president, pre- 
dicted that electricity would accomplish 
100 times as much productive good in the 
next 50 years as it has in the past half cen- 
tury. 

President Powel pointed out that when 
George Westinghouse installed the first of the 
a-c generators at Niagara Falls 50 years ago, 
which was the first major a-c installation, 
it produced only 5,000 horsepower. Pro- 
duction of 5,000 horsepower from a single 
machine, he added, was an almost un- 
imaginable achievement 50 years ago, but 
today a single steam turbine producing 
electricity generates as much as 250,000 
horsepower or 50 times as much. He said 
further that the complete extension of the 
benefits of electric power will be a major 
postwar project. Mr. Powel made his pre- 
dictions in view of the facts that millions of 
farm homes are still lighted with oil lamps, 
much farm water still is pumped drudgingly 
by hand, and industry itself is daily finding 
new uses for electric power. 
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In accordance with exist- _ 


_ Section and Branch Activ 


The accompanying constitutes the annual 
report on Institute Section and Branch ac- 
tivities for the fiscal year which ended April 


30, 1945. 


Similar information for three pre- 


ceding fiscal years appeared in Electrical 
Engineering in June 1944, pages 224-5; June 
1943, pages 264-5; June 1942, pages 322-3. 


Present eee of the Sections com- 
mittee and the committee on Student 
Branches, supervising the divisions of LE oe 
tute activities covered by this report, are: 
Sections—G. W. Bower, chairman; 


vice-chairman; A, C, Muir, secretary; 
O. C. Brill, M. S. Coover, 


R. M. Pfalzgraff, 
L. L. Bosch, 
E. Enns, C, W. Evans, 


"Branches Es Ww. OBri cha 

vice-chairman; L, A. Bingha M. 
Davis, Jr., A. G. Ennis, Everett S. | 
E. M. Pee and, ex officio, all 
selors. 
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Connecticut, University of.......... Disa. neriek 0 
Cooper Union 
IDES Poh Is toe ae Ie ee Se Ono. care 10 
@ Evening division... 2... cece. sss eos 9 
Cornell University... 1'4.)).25. 008 TO} tere. 84 
| Delaware, University of............ Oss grea 0 
Wenvers University of. 5 j.05 0. 63. Ove. tee 0 
Detroit, University of. .....2....%.-. Teese: 12 
Drexel Institute of Technology....... Sega ee 0 
Perko University iste, =cciny.0 <5 Sy sps "a1 5 LG caries 25 
lorida, University Of... te esveieie'- «oi Oo ce 0 
George Washington University...... Dertaaterets 15 
_ Georgia School of Technology....... Oars tcehegs 0 
_ Harvard University.............--- Osi a).%.e are 0. 
Idaho, University of. 50-2. joc .coegie Lele ta see 11 
Illinois Institute of Technology. ..... i coke re otape 50 
Illinois, University of............... Us « 41 
Towa State‘Gollege: i .7. 02.5. eee OS tan 55 
Towa, University of 22... 505... Ole iapaie Sth: 0 
Johns Hopkins University........... Datars oct 20 
Kansas State College............... Bites 32 
Kansas, University of)... 5...22020% Bids eee 33 


Num- Average~ 


Num- Average 


‘Branch 2 ber Attendance 
Kentucky, University of... .....j47.) 4n..... 10 
“iafayette Collegernanacmciee iene cite {alia au tA 13 
TehightUiniversity~ ram cic scinisee ie CRana pe aia A?a0/ 
Louisiana State University.......... As Soe esa 48 
Louisville, University of............ He ae. ce 31 
Maines University of. sea. ear. sere: Orme sae 0 
. Manhattan College ............... Oisaminrete 0 
Marquette University.............. Grote 28 
Maryland, University of............ Shaken ae 26 
Massachusetts Institute of Tech- 
MOLOBY ley Aivateoabeciemisne cheesastetelaiens Ghats tenis tne 74 
Michigan College of Mining and ~ 
Wechnologyc-igmietimariece ayer etc OF iccareepye 0 
Michigan State College............. hoaied andi 7 
Michigan, University of............ AS Ss 30 
Milwaukee School of Engineering.... 4....... 17 
Minnesota, University of............ POS 49 
Mississippi State College............ (Ue bet es codes 0 
Missouri School of Mines and 
Metallurgy crs acct stds: sentir acstetroes De Serie 13 
Missouri, University Of. .0:54%.+ <0. (OPPrae ace 4 0 
Montana State College............. (ORE ah 0 
Nebraska, University of............. Bohra 3 40 
Nevada, University of.............. PRE Hs 12 
Newark College of Engineering...... Bis de ates 37 
New Hampshire, University of....... SOF ete ac 0 
New Mexico State College.......... Oca 0 
New Mexico, University of.......... PREBERG 3 a7, 
New York, College of the City of 
Day Givisions sirx-..s katte tee «SE DO's ernee 41 
Fivening, division. %4%.).). sais Peeler a tae-iebele 0 
New York University 
Day’ division s2.-j2 vets ee «gas see wins es aie 14 
Bivening idivision® ..). << .)...% est. Donen 15 
North Carolina State College........ Siwow,. gene 25 
North Dakota Agricultural College... 0........ 0 
North Dakota, University of......... Bonnier 1 0 
Northeastern University............ ho eerie 24 
Northwestern University........ tore O eres Se sahs 0 
Norwich University.............--- Oieattatee 0 
Notre Dame, University of.......... LSS re 16 
Ohio Northern University........... JE epicentre 0 
*Ohio'Staté University.°....2...-+.- Qoceivasiols 0 
Obio University: Wem vie cine what ml hers Oe as 0 
Oklahoma Agricultural and Me-~ 
GhanicgaliColleget. cru saat \aneseots Ore ay 0 
Oklahoma, University of............ Ds -cracene Oe 70 
Oregon’ State College... 7. wee qe- eos Sieraeeer. 28 


gs Held During Year Ending April 30, 1945 : 


‘ Num- Average 
Branch ber Attendance 
_ Pennsylvania State College.......... Zihcideoen oo 
Pennsylvania, University of......... (Sons 17 
Pittsburgh; University ofeo.cweianet Osis iil 
Puerto Rico, University of.......... Oliercrerelsters 0 
Pratt Tnstetutesncit cece terrieertotelatee Behotcrdin 16, 
Princeton, University tvs. aires Oe tretetsans 0 
Purdue University........ Gop wicoca Kbpnaasace 0 
Rensselaer Polytechnic Institute. .... Metres aes 31 
Rhode Island State College......... OS tosis 0 
Rice Institutes< tsa. sees sre Aapis DA te Riaeieys 34 
Rose Polytechnic Institute.......... oe Noein 13 
Rutgers University............ caene Une oes ern!) 
Santa Clara, University of.......... Aa 14 
South Carolina, University of....... HUES 5 Awan 24 
South Dakota State College......... OL Ferrie 0 
South Dakota State School of : 
Mines. pease Rien iat ee 10) RS 12 
Southern California, University of....19....... 25 
Southern Methodist University....... Cotte a Gree 21 
Stanford University................ Phas eet 68 19 
Stevens Institute of Technology...... OS Pa ateretes 0 
Swarthmore College............-.. OF. aoe 0 
Syracuse: Universiby.s o..0 ames, ebacttis ie Bxtorts <i 12 
Tennessee, University of... ns) Dreneiatates 75. 
Texas Agricultural and Mechan- / 
ical Colleges. snc onecier Hees Makers 3 41 
Texas Technological College........ 2 : 
Texas, University: of.),.$07 .ajsctasteme te 
Trufts| College’... a2.) Meta rae 
Tialane” Umiverstt ys s)s.:.+,+1,+ asp eetsiee 
Wnion @Gollege . oer. areicdeiteeesreeers 
Utah, ‘University Offs... 1c tones 
Vanderbilt University............. 5 
Vermont, University of............. 
Millanova@ollege 27 4.3 «cia. mime re ae 
Virginia Military Institute.......... 
Virginia Polytechnic Institute 
Virginia, University of......... woes 
Washington, State College of..:..... Semeeogs 15 
Washington, University of.......... OO atime 57 
Washington University............. Bite tare sek 15 
West Virginia University........... On of bio-3 0 
Wisconsin, University of............ cer S) 
Worcester Polytechnic Institute... .. . Piao. 49 
Wyoming, University of............ Oe cence 0 
Yale‘ WUniversitys'. so ie tata ie oto acne 78 


Total—125 Branches 


PERSONAL eeceece 


L. A. Hawkins (A ’03, M 13) executive engi- 
neer, research laboratory, General Electric 
Company, Schenectady, N. Y., has retired 
from that position and will remain as con- 
sultant in the laboratory. He was graduated 
from Williams Collegéin 897 and from Mas- 


sachusetts Institute of Technology in 1899. 


In 1944 he received the*honorary degree of 


doctor of science from Williams College. 


In July 1899, he went to work in the 
engineering and patent department of the 


Stanley Electric and Manufacturing Com- 
pany, Pittsfield, Mass. 
joined the General Electric Company in 1903 
as patent attorney, later transferring to the 
transportation engineering division and in 
1912 to the research laboratory. D. E. 


Chambers (A’30, M’41) formerly assistant to 
director, research laboratory, succeeds Doctor 


Hawkins to become executive engineer. Mr. 
Chambers received his bachelor-of-arts de- 
gree in electrical engineering from Stanford 
University in 1927 and the following year the 
degree of electrical engineer. At that time 
he entered the employ of the General Electric 
Company to work in research and subse- 
quently went into the test course and the 
industrial-control division, where in 1933 he 
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Doctor Hawkins 


became head of the-section on the applica- 
tions of electron tubes. In 1938 he was made 
assistant engineer of the transmitter engineer- 
ing division, and in 1944 he returned to the 
research laboratory. R. CC. Sogge (M735) 
manager of the customer division, central- 
station divisions, has been given the addi- 
tional appointment as assistant manager of 
the central-station divisions. He received his 
education at Ohio Northern University, 
earning the degree of bachelor of law, and 
at the John Marshall School of Law, receiv- 
ing the degree of master of law. He joined 
the General Electric Company, Pittsfield, 
Mass., in 1916 as a testing engineer in the 
transformer department and a few months 
later went to the test department in Sche- 
nectady. .n 1918 he was commissioned a 
second lieutenant of aeronautics in World 
War I, returning to the transformer sales 
department, Pittsfield, in 1919. In 1925 Mr. 
Sogge was appointed assistant to the manager 
of the central-station department in Sche- 
nectady, and in 1934.he became manager 
of the customer division. 


H. K. Sels (A’20, M’29) transmission and 
substation engineer, Public Service Electric 
and Gas Company, Newark, N. J., has been 
appointed transmission and distribution 
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engineer. He was graduated from Iowa 
State College in 1919 and completed the 
graduate-student course of the Westinghouse 
Electric and Manufacturing Company, East 
Pittsburgh, Pa.,in 1920. At that time he was 
assigned to the central-station section of the 
general engineering department of that com-’ 
pany. Starting with the Public Service Com- 


“pany in 1923 as engineer in the office of the 


transmission engineer, he was promoted to 
assistant transmission and substation engineer 
in 1928 and in 1938 became transmission and 
substation engineer. Theodore Seely (A 41) 
assistant transmission and substation engineer 
electric-distribution department, has been 
made successor to Mr. Sels. Mr. Seely re- 
ceived his degree from Stevens Institute of 
Technology in 1923 and then entered the 
company cadet engineers’ course. . In 1926 he 
was assigned to the electric-distribution de- 
partment, central division. In 1930 he en- 
tered the office of the distribution engineer, 
general office, as assistant engineer, and sub- 
sequently was advanced to distribution plan- 
ning engineer in 1937 and to assistant dis- 
tribution engineer in 1940, and transferred 
to the transmission and substation engineer’s 
office as assistant in:1943. Oscar Bauhan 
(M.’40) installation engineer, electric-dis- 
tribution department, succeeds Mr. Seely: as 
assistant transmission and.:substation. engi- 
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e _neer. 


~ Institute of Technology in 1923, Mr. Bauhan 
started with the company as district substa- 
- tion operator in New Brunswick district. 
~ He was transferred to the general office in 
1924 where, until 1942, he served as engineer 
and installation engineer for the transmission 
and substation engineer on the design and 
construction of SubstagoRs and switching 
stations. 


Philip Sporn (A’20, F’30) formerly vice- 
president and chief engineer, American Gas 

and Electric Service Corporation, New York, 

- _N. Y., has been elected executive vice-presi- 
dent of the American Gas and Electric Com- 
pany and executive vice-president and chief 
engineer of the operating companies of the 
American Gas and Electric system. Mr. 
Sporn was graduated from Columbia Uni- 
versity in 1917, and from then until 1919 
he was with the Crocker-Wheeler Manu- 
facturing Company, Ampere, N. J., en- 
gaged in tests and investigations. In 1919 
he became technical assistant to the assistant 
chief electrical engineer of the Consumers’ 
Power Company, Jackson, Mich. He joined 
the American Gas and Electric Company in 
1920 as assistant electrical engineer and was 
put in charge of the engineering division of 
the electrical-engineering and construction 
departments of the company in 1923. He 
was made chief electrical engineer for these 
departments in 1927, in 1932 was appointed 
chief engineer in charge of the electrical and 
mechanical divisions of the company and its 
subsidiaries, and was named vice-president 
in charge of engineering in 1934. When the 
American Gas and Electric Service Corpora- 
tion was formed in 1937, Mr. Sporn was 
elected director and vice-president and chief 
enzineer of that company. Mr. Sporn has 
been active as a member of the AIEE 
committees on research, production and 
application of light, power generation, 
transmission and _ distribution, technical 
program, and Standards, and is now serv- 
ing on the Lamme Medal committee. He 
is. also a fellow of the American Associa- 
tion for the Advancement of Science and 
a member of the American Society of 
Mechanical Engineers and the American 
Society of Civil Engineers. He is now 
acting as consultant to the War Production 
Board. Mr. Sporn is the author of numer- 
ous technical papers. 


R. H. Manson (A ’02, F 44) vice-president 
and general manager, Stromberg-Carlson 
Company, Rochester, N. Y., has been elected 
president of the company. He was gradu- 
ated from the University of Maine with the 
degrees of bachelor of science in electrical 
engineering in 1898, electrical engineer 
in 1901, and doctor of engineering in 1933. 
Doctor Manson was employed by the West- 
ern Electric Company, Chicago, IIl., in 
1899 in the telephone switchboard and later 
the laboratory departments, and in 1900 he 
was associated with the Kellogg Switchboard 
and Supply: Company, Chicago, first as 
laboratory assistant and finally as sales engi- 
neer. In 1904 he became assistant chief 
engineer for the Dean Electric Company, 
Elyria, Ohio, and subsequently was ap- 
pointed sales manager in 1908, assistant chief 
- engineer in 1910, and chief engineer in 1912, 
remaining in that position for the Garford 
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Following graduation from Stevens Mz 


joined the staff of the ‘Strombers 


cturing Com pany, succe esso 


Deen Electric Cee Doctor D 


Company in 1916 as chief engineer, v 


elected a director in 1920, and became vice- _ 


president in charge of engineering in 1924 


and general manager in 1940. He is a direc- 


tor of the Radio Manufacturers Association; 
a fellow of the Radio Club of America, and 
a member of the Rochester Engineering So- 
ciety. Doctor Manson is credited with a 
number of inventions in the field of communi- 
cations. 


J. P. Jollyman (A’05, F’30) hydroelectric 
and transmission engineer, Pacific Gas and 
Electric Company, San Francisco, Calif., 
has retired from that position, and his 
services will be retained in an advisory ca- 
pacity. A graduate of Stanford University 
in 1903 with the degree of bachelor of arts, 
Mr. Jollyman at that time became electrician, 
foreman, and superintendent of electrical 
construction, for the California Gas and 
Electric Corporation, and in 1909 he ac- 
cepted the position of superintendent of the 
hydrolectric plant and electrical engineer for 
the Great Western Power Company of San 
Francisco. Both of these companies later 
were absorbed by the Pacific Gas and Elec- 
tric Company. In 1911 he returned to the 
latter company as engineer of electrical con- 
struction, and in 1920°was given the title he 
held at the time of his retirement. In 1937 
Mr. Jollyman was elected vice-president of 
AIEE, representing the — Pacific District 
(8). He has been a member of the com- 
mittees on power stations (now power 
generation), power transmission and distri- 
bution, the special committee on joint con- 
ference on student activities of Districts 8 
and 9, and is now serving on the constitution 
and bylaws committee. Mr. Jollyman is 
known nationally for his contributions in the 
field of hydroelectric and high-voltage trans- 
mission engineering, and is the author of 
numerous papers on transmission engineer- 
ing subjects. 


Russell G. Warner (A’19, M ’20) chief engi- 
neer of the United Illuminating Company, 
New Haven, Conn., was recently elected vice- 
president of the company. Mr. Warner re- 
ceived from Yale University the degrees of 
bachelor of philosophy in 1914 and electrical 
engineer in 1920. From 1914-16 Mr. 
Warner was associated with the Westing- 
house Electric and Manufacturing Company, 
East Pittsburgh, Pa., in the student course 
and later as switchboard-section diagram 
engineer. In 1916 he became an instructor 
in electrical engineering at Yale University, 
New Haven, and continued in that assign- 
ment until 1939 when he was appointed engi- 
neer in charge of special work for the United 
Illuminating Company. In addition to his 
affiliation with that company he was also 
electrical engineer for the Connecticut Public 
Utilities Commission (1930-39) and has been 
consulting engineer for various companies. 
He was chairman of the AIEE Connecticut 
Section (1931-32), and served on the 
education (1924-25), electrical-machinery 
(1931-33), and Standards (1937-39) com- 
mittees. In 1942 he served as an AIEE direc- 
tor and as a member of the executive com- 
mittee, and the committee on domestic and 
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. York, N. vo ‘has ieee 
_ from Cornell eel) in é 


man. "The ie year he reniesct } 
the Sprague Electric Company, which \ was 
later part of the General Electric Company. 
Schenectady, N. Y., where he served as 
draftsman and designer’ In 1897 Mr. Phil- 
lips became associated with Westinghouse, 
Church, Kerr, and Company, New York. 
He remained with that organization until he 
established his own consulting engineering 
firm in 1905 under the name of E. L. Phillips 
and Company, with headquarters in New 
York. Mr. Phillips was one of the founders o: 
the Long Island Lighting Company in 1911. 
and held the position of president of that com- 


_pany for more than 25 years. He also served 


at one time as president of the Empire Power 
Corporation, New York, and the Kings 
County Lighting Company, and as chairman” 
of the boards of Queens Borough Gas and 
Electric Company, United Gas and Electric 
Corporation, and United Gas spe ie 
Company, all of New York. 


A.S. McAllister (A ’02, F 12) assistant direc- 
tor, National Bureau of Standards, Washing- 
ton, D. C., has retired. Doctor McAllister 
was graduated from Pennsylvania State Col- 
lege in 1898 and received the degrees of 
master of arts (1901) and doctor of philosophy 
(1905) from Cornell University. In 1898 he 
entered the employ of the Berwind-White 
Coal Mining Company, Windber, Pa., gain- 
ing experience in electric-locomotive opera- 
tion and repair, and in that same year went 
to the Westinghouse Electric and Manufac- 
turing Company, East Pittsburgh, Pa., to 
work with the manufacturing details of d-c 
and a-c machinery. From 1901 until 1904 
he held the positions of assistant and instruc- 
tor in physics and applied electricity at Cor- 
nell University, Ithaca, N. Y., and in 1904 
was appointed acting assistant professor of 
electrical engineering. In 1905 he became 
associate editor of Electrical World, New York, 
N. Y., and in 1912 was promoted to editor. 
Doctor McAllister became associated with the 
Bureau of Standards in 1921 as liaison officer, 
in 1936 became head of the division of speci- 
fications, and was later made assistant direc- 
tor in charge of the commercial standardiza- 
tion group. 


M. L. Manning (A’36, M ’42) formerly as- 
sociate professor of electrical engineering and 
director of the high-voltage research labora- 
tory, Cornell University, Ithaca, N. Y., has 
been appointed assistant chief engineer, 
Kuhlman Electric Company, Bay City, 
Mich. After graduating from South Dakota 
State College in 1927, Mr. Manning entered 
the Westinghouse Electric and Manufactur- 
ing Company, East Pittsburgh, Pa., as a 
student in the graduate-student training pro- 
gram. The following year he was assigned 
to the industrial-motor division of that com- 
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nd 

ay g1 ring fr m the Gites “of 
Pittsburgh and in that same year joined the 
7 staff of its mathematics department at Pitts- 
‘burgh as an instructor. He was assigned in 
1936 to the transformer division of the West- 
inghouse Electric and Manufacturing Com- 
{ pany, Sharon, Pa., and in 1937 was ap- 
pointed Westinghouse lecturer in electrical 
F engineering on the staff of the University of 
Pittsburgh. Tn 1942 he became associate pro- 
fessor of electrical engineering, Illinois Insti- 
- tute of Technology, Chicago, and in 1943 was 
3 appointed to the staff of Cornell University. 


G. H. “Welch (A 43) assistant manager, 
i switchboard engineering department, West- 
_inghouse Electric Corporation, East Pitts- 
_ burgh, Pa., since August 1944, has been ap- 
- pointed assistant to the manager of the 
_ switchgear and control division. In his new 
' capacity he will continue to direct the com- 
_ pany’s negotiation, engineering, and pro- 
_ duction activity on Navy switchboards and 
- similar material and, in addition, will co- 
_ ordinate Navy and Maritime control, com- 
. mercial control, and other contracts. After 
_ one year’s service as electrical tester at the 
Western Electric Company’s Hawthorne 
_ plant in Chicago, Ill., Mr. Welch went with 
_ the Westinghouse Electric and Manufactur- 
ing Company in 1922. As a draftsman he 
__did wiring-diagram work in the switchboard 
engineering department until 1929 when he 
_- was transferred to the industrial and central- 
station switchboard engineering. In 1940 
_ he was made head of the Navy-switchboard 
_ design section. Two years later Mr. Welch 
' received the Westinghouse order of merit. 


' C. H. Willis (A’22, F’42) professor of elec- 
trical engineering at Princeton University, 
Princeton, N. J., will serve as chairman of 
the electrical-engineering department in a 
new program of instruction and research in 
plastics. Doctor Willis received a bachelor- 
of-arts degree from the University of Rich- 
mond in 1914, and a bachelor-of-science de- 

- gree in engineering from Johns Hopkins 
University in 1916. After his services with 
the Signal Corps in World War I he became 
acting professor of physics at the University 
of Richmond and in 1920 became associate 
professor. In 1922-23 he was a graduate 
student at the Johns Hopkins University and 
professor of applied physics at the University 
of Richmond from 1920 to 1925. In 1925 
he was a graduate student at the Johns 
Hopkins University being graduated in June 
1926 with the degree of doctor of philoso- 
phy. From 1926 to 1929 he served as assis- 
tant professor of electrical engineering at 
Princeton University and as associate profes- 
sor until 1936, when he became professor. 


A. L. Davis (A’17, M31) assistant general 
superintendent, Western Massachusetts Elec- 
tric Company, Turners Falls, Mass., has been 
named general superintendent. Mr. Davis 
was graduated from the University of Maine 
and gained his early experienc? with the 
Hydro-Electric Company, Bangor, Me., 
- where he was first employed as assistant engi- 
neer and subsequently became acting and 
then chief engineer. In 1928 he accepted the 
position of assistant superintendent of distri- 
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Sa peta ee in 1930 Necenn eta con 
_ with the Western Massachusetts Companies 


as assistant general superintendent. J. L. 
Hyland (M’40) general foreman, station 
maintenance, has been appointed assistant 
superintendent of the central division. Mr. 
Hyland has been associated with the Green- 
field (Mass.) Electric Light Company and 
the Turners Falls:(Mass.) Power and Electric 
Company, as electrician, electrical foreman, 


’ resident electrical engineer, general foreman, 


and superintendent of the electrical main- 
tenance and construction department. 


O. S. Schairer (M’13) vice-president in - 


charge of laboratories, Radio Corporation of 
America, Princeton, N. J., has been elected 
staff vice-president and will act as consultant 
on matters pertaining to research, develop- 
ment, patents, trade marks and licenses. 
Mr. Schairer was graduated from the Uni- 
versity of Michigan with the degrees of 
bachelor of arts in 1901 and bachelor of 
science in electrical engineering in 1902, and 
became associated with the corporation as 
director of the patent division in 1929. C. B. 
Jolliffe (M’34) vice-president and chief 
engineer, Victor Division, Camden, N. J., 
has been elected to succeed Mr. Schairer. 
Doctor Jolliffe received the degrees of 
bachelor of science (1915) and master of 
science (1920) from West Virginia Uni- 
versity. He joined the corporation in 1935 
as engineer-in-charge of the frequency 
bureau, and subsequently was appointed chief 
engineer of the laboratories, assistant to the 
president, and chief engineer of the Victor 
Division. 


I, M. MacLean (A ’21) central-station engi- 
neer, Canadian General Electric Company, 
Ltd., Toronto, Ontario, Canada, has been 
appointed central-station-division manager, 
in the reorganization of the former apparatus- 
sales department. A graduate of the Uni- 
versity of New Brunswick, Mr. MacLean be- 
came associated with the company as a test- 
man in the electrical testing department in 
1919. R.H. Hopkins (A ’08) electrical engi- 
neer, becomes manager of the renewal parts 
and order division. Mr. Hopkins was gradu- 
ated from the University of Toronto and 
first became employed with the company in 
the armature department in 1905. -J. H. 
Ratcliff (A’41) district service engineer, 
contract service department, has been named 
manager of the transportation division. A 
graduate of the University of Toronto, Mr. 
Ratcliff was first associated with the company 
in 1922 as a test student, and again in 1926 
as district service engineer. 


R.A. Hentz (A 14, F ’29) electrical engineer, 
Philadelphia (Pa.) Electric Company, has 
retired after an affiliation of 33 years. Mr. 
Hentz was born in New York, N. Y., on April 
16, 1889. At Cornell University, he special- 
ized in electrical engineering and was gradu- 
ated in 1911 with the degree of mechanical 
engineer. In that same year he went with 
the Philadelphia Electric Company, at first 
working in the distribution department. 
Two years later he went into the design 
division of the station electrical design and 
construction department and from 1916 to 
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1920 was in charge of that division. From 
1920 he served as assistant electrical engineer _ 
in charge of the station electrical design and 


construction department until October 1925 


when he was made electrical engineer in __ 


charge of the department. He has served 


as a member of the AIEE protective- oaevice® E 


committee. 


S. B. Way (A’03, F’38) former president, 


Wisconsin Electric Power Company, Mil-— 


waukee, has been elected chairman of the 
board of directors. 
the Drexel Institute in 1896, with a degree in 
electrical engineering, Mr. Way was em- 


ployed by Electric Storage Battery Company, ~ 


Philadelphia, Pa., as draftsman and erecting 
engineer. 
engineer and superintendent for the Im- 


perial Electric Light Heat and Power Com- 
pany, St. Louis, Mo., and continued in the © 


same capacity for its successor, the Union 
Electric Light and Power Company. 
he was appointed assistant general manager 


for the Milwaukee Electric Railway and 


Light Company, which later became the 
Wisconsin Electric Power Company; sub- 
sequently became vice-president and gen- 
eral manager in 1914; and in 1925 was 
elected president. 


R. M. Smith (A ’35) development engineer 
of the Pacific Electric Manufacturing Cor- 
poration, San Francisco, Calif., has recently 


been added to the engineering staff of the | 
Railway and Industrial Engineering Com- — 


pany, Greensburg, Pa, He will have charge 
of distribution engineering. Mr. Smith was 
graduated from the University of Washing- 
ton in June 1925 with a bachelor of-science 
degree in electrical engineering. In that 
year he became associated with the Westing- 
house Electric and Manufacturing Com- 
pany, working in the engineering department 
at East Pittsburgh, Pa. 
identified with the Bryant Electric and Roller- 
Smith companies, both of New York, N. Y. 
Mr. Smith was a member of the AIEE in- 
struments- and-measurements committee and 
is now serving on the protective-devices com- 
mittee. 


Roy Wilkins (A ’16, F *29) hydroelectric and 
transmission engineering department, Pacific 
Gas and Electric Company, San Francisco, 
Calif., has joined the staff of engineering 
consultants of the Bonneville Power Ad- 
ministration. Mr. Wilkins, who was called 
from retirement in 1941 to supervise emer- 
gency power-plant design for the Pacific 
Gas and Electric Company, has been asso- 
ciated with General Electric Company, 
Schenectady, N. Y.; Associated Oil Com- 
pany, Bakersfield, Calif.; and the Pacific 
Electric Manufacturing Company, San Fran- 
cisco, where he was vice-president in charge 
of engineering. 


G. E. Rolston (A ’30) chief engineer, Rome 
(N. Y.) Gable Corporation, has been elected 
to the company’s board and made a vice- 
president. Mr. Rolston, who was graduated 
from Morningside College in 1923, was 
employed first by the United Gas Improve- 
ment Company, Philadelphia, Pa., and later 
joined the staff of the General Cable Corpora- 
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After graduating from — 


In 1898 he became chief electrical 


In1911 - 


He also has been | 
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' tion as Sanka ‘district sales eceeere 
He was transferred to Rome in 1930 and to. 
New York, N. Y., in 1934. When the Rome ~ 


Cable Corporation was formed in 1936, he 
became its chief engineer. He is a merbee 
of the technical-advisory committee of the 
War Production Board. 


Newton Jackson (A’14, M17) former elec- 
‘trical engineer, engineering department, 
Virginia Electric and Power Company, 
Charlottesville, has been appointed substa- 
tion design engineer in the system engineer- 


ing department of the company at Richmond, 


Va. R.C. Bailey (A’23, F’37) lieutenant 
commander, United States Naval Reserve, 
who has been serving on active duty, and 


was formerly operating electrical engineer . 


of the company at Richmond, has been 
named electrical engineer in the system engi- 
neering department at Richmond. 


J. A. Wood (M’36) engineering depart- 
ment, long-lines department, American Tele- 
phone and Telegraph Company, New York, 

_N. Y., has been transferred to the trans- 
mission section of the plant engineering divi- 
sion. After graduation from Georgia School 
of Technology in 1925, Mr. Wood began as 
an employee for the company in Atlanta, 
Ga., and became associated with the New 
York office in 1928. 


W. R. Harmer (A’37, M’ 44) supervising 
industrial engineer, sales-promotion depart- 
ment, Hydro-Electric Power Commission of 
Ontario, Toronto, Ontario, Canada, has 
been appointed acting secretary of the On- 
tario Association of Municipal Electrical 
Utilities. 


OBITUARY 


Charles Edward Waddell (A’02, M’08, 
F’12) consulting engineer, and builder of 
many steam and hydraulic plants along the 
Eastern Seaboard and the western part of 
North Carolina, died in Asheville, N. C., on 
' April 20 of injuries suffered in an automobile 
accident on the day previous. He was bornin 
Hillsboro, N. C., on May 1, 1877, and received 
his education at the Bingham Military School 
and in the shops of the General Electric 
Company, working in Bangor, Me., and in 
Asheville. He received the degree of doctor 
of science from the North Carolina State 
College in 1925. From 1897 until 1900 he 
served as superintendent of the Asheville 
and Biltmore Street Railway in Asheville. 
When in the latter year the General Electric 
Company consolidated the electrical interests 
in Asheville, Doctor Waddell re-entered its 
employ as engineer in charge of tracks. A 
year later he accepted the position of engi- 
neer for the Biltmore Estate. This affiliation 
was followed by numerous others in which 
Doctor Waddell served as consulting engi- 
neer, especially in the electric power and 
light field. Among his many accomplish- 
ments was the designing and building of the 
North Carolina Electric Power Company’s 
system in Asheville, and his consulting serv- 
ices to the power section of the Council of 
National Defense in surveying and analyzing 
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the war emergenc 


4, _ aa 
the power resources 


Carolina Section in 1936, and a me 
the AIEE transmission-and-distribution com- 
mittee, 1914-16 and 1920-21. = 


James Daniel Deneve (A 739) manager, 
production and distribution, Board of Public 


Utilities of the City of Kansas City, Kans.; | 


president of the American Public Power 
Association, Washington, D. C.; and presi- 
dent of the Kansas Association of Municipal 


Utilities, died December 20, 1944, in Kansas _ 


City, Kans. Mr. Donovan was born in 
Kansas City, Mo., in 1885. From 1903 
until 1908 he was associated with the 
Mathews Machine Works, Kansas City, Mo., 
as mechanical draftsman and assistant shop 
foreman. The work here consisted prin- 


_ cipally of designing and manufacturing small 


gasoline engines. From 1909 until 1916 he 
was employed by the Atchison, Topeka, and 
Santa Fe Railway, first in the operating de- 
partment of the Los Angeles and Valley 
divisions, and later in the electrical depart- 
ment. He went to the Kansas City, Kans., 
municipal utilities in 1916 as chief engineer 
of the power plant. Later he became super- 
intendent of the light department, and chief 
engineer of the water department. When in 
1929 a board of public utilities was created 
to administer the city’s utilities, now includ- 
ing water, power, and airport, Mr. Donovan 
was appointed manager of production and 
distribution, a post he held until his death. 


Carl Falster Hanson (M 37) chief consult- 
ing engineer (sales department) of the 
Irvington (N. J.) Varnish and Insulator 
Company, died on April 27, 1945, in West- 
field, N. J. He was born in Arkansas City, 
Kans., in 1884, and received the degrees of 
bachelor of science and master of science in 
electrical engineering from the University of 
Kansas in 1912 and 1913, respectively. 
From then until 1918 Mr. Hanson was 
associated with the National Bureau of 
Standards, Washington, D. C., as laboratory 
assistant and as assistant physicist. In June 


1918 he entered the employ of the Habir- 


shaw Electric Cable Company, Inc., Yonkers, 
N. Y., as research director where he re- 
mained until 1927. For the next few years 
he was engaged in oil research with the R. T. 
Vanderbilt Company, East Norwalk, Conn. 
In 1930 he became technical director of the 
Irvington Varnish and Insulator Company. 
Mr. Hanson was on the AIEE committee on 
instruments and measurements, 1926-27, 
and was the author of several AIEE papers. 


Arthur Bayley Haddow (M’35) chief elec- 
trical and mechanical engineer of the 
Municipal Board of Naini Tal, United 
Provinces, India, died recently. Mr. Had- 
dow was born on October 2, 1893, in Glas- 
gow, Scotland, and was educated there at 
the Royal Technical College. He served an 
apprenticeship with Haddow and Company, 
electrical engineers of Glasgow, and with 
David Rowan and Company, marine engi- 
neers and boilermakers of Glasgow. He 
also served as a marine engineer with the 
Donaldson Line (steam and navigation com- 
pany). For three years he was in charge of a 
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power au much of the gn z 

was done by him. In Novem 
Mr. Haddow was appointed by the 
ment of the cnee ieee to the Bes 


ity Mr. Haddow ¥ was fae ahr 
Government for the administration ~ an 


operation of the entire hydroelectric system 


and water works. ; we 


Alonzo Chandler Bell (A’01) president of { 
the Bell Factory Terminal, Garwood, N. Ja 
Mr. Bell was 


died recently in Miami, Fla. 


born in Washington, D. C., on February a | 


1877. A graduate of Cooper Union, he 


began electric-motor production in Gar- 


wood in 1907. He designed the Bell electric. 


motor and was a pioneer in the development _ 


of the single-phase and polyphase motors 


operating without external starting com- 


pensators. Mr. Bell also designed and built — 
the factory terminal operated by the Bell 


Electric Motor Company in Garwood, of — 
During the past © 


which he was president. 


\ 
. 


year this company supplied the United States — 


and allied Governments with heavy-duty 
lathes and other machine tools of Mr. Bell’s 


. 


design. He was also president of the Powers — 


and Robinson Foundry and Machine Com- 


; 
; 


pany of Garwood. Mr. Bell was president — 


of the Bell, Haven Camp, Inc., in Miami 
which he built. This camp was accepted 
by the United States for Army use for the 
duration of the war. Although retired from 
active practice in the electrical profession 
Mr. Bell maintained a deep interest in all 
electrical developments. 


Charles Ray Beall (A’18) chief engineer of — 


the Union Switch and Signal Company, 
Swissvale, Pa., died February 24, 1945, at 
Edgewood, Pa. Mr. Beall was born at West 


| 
) 


Lafayette, Ohio, in 1882, and was graduated | : 


from Ohio State University with the degree 
of electrical engineer in mechanical engi- 
neering in 1907. From that year until 1910 
he was engineering apprentice and designing 
engineer with the Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa. For the next six years he served as de- 
signing and testing electrical engineer with 
the Union Switch and Signal Company. In 
1916 he was appointed electrical engineer of 
the company and assistant chief engineer in 
1923. Fourteen years later he became chief 
engineer. 


Paul Judson Myler (A ’07) retired director 
and chairman of the board of the Canadian 
Westinghouse Company, Ltd., Hamilton, 
Ontario, Canada, died on April 20, 1945. 
Mr. Myler was born in Pittsburgh, Pa., in 
1869. He joined the company in Hamilton 
in 1896 as secretary, and was named general 
manager two years later. In 1903 when the 
firm became known as the Canadian West- 
inghouse Company he became vice-presi- 
dent. He was elected chairman of the board 
in 1934, a position he held until his retire- 
ment in 1944, 
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R ecommended for -Transfer 

__ The board of examiners, at its meeting on May 17, 
1945, recommended the following members for transfer 
to the grade of membership indicated. Any objections 
0 sae transfers should be filed at once with the national 
ecretary. . ; 


Samble, G. P., supt., power production, Union Electric 
Co, of Minsourd: ot Bock Mo. : 

dalperin, Herman, staff engr., Commonwealth Edison 
4 Co., Chicago, Ill. 

K napPs F. H., dial equipment engr., Ohio Bell Tele- 
4 e one Co., Cleveland, Ohio 

Ku, Yu Hsiu, vice minister of education, Chinese Re- 
-* iar Chungking, China 

Macleod, H. J., prof. and head of dept. of mechanical 
: and electrical engg., University of British Columbia, 


Vancouver, Canada 
Moloney, T. O., chairman of board, Moloney Electric 
Co., St. Louis, Mo. : 
onseth, I. T., mgr., Westinghouse Electric Corp., 
__ St. Louis, Mo. — 

Moore, L. M., principal engr., Rural Electrification 
4 Administration, St. Louis, Mo. 

obley, R. R., asst. to the president, Portland General 

3 Electric Co., Portland, Ore. 
‘Schneeberger, G. B., elec. engr., Cleveland Electric 
Uluminating Co., Cleveland, Ohio 
_Siegmund, H. O., switching apparatus development 
‘a ‘engr., Bell Telephone Labs., Inc., New York 
*s illing, H. H., prof. of elec. engg., Stanford University, 
d Stanford Univ., Calif. 
% Young, F. C., vice-president in charge of engg. and re- 

4 search, Stromberg-Carlson Co., RRooheaw, Na Ys 


13 to grade of Fellow 


Applications for Election 


' Applications have been received at headquarters from 
- the Following candidates for election to membership in 
the Institute. Any member objecting to the election of 
any of these candidates should so inform the national 
secretary before July 15, 1945 or September 15, 1945, if 
the applicant resides outside of the United States or 
Canada. 


P To Grade of Member 


Adams, R. O., Rural Elec. Adm., St. Louis, Mo. 
Andrews, R. H., Can. Wire & Cable Co., Ltd., Leaside, 
: Ont., Can. a 
_ Armitage, J. G., Elec. Lieut., R.N.V.R., Boston, Mass. 
~ Bandrowski, J. I., Austin Co., New York, N. Y. 
Bell, W. C., (Reelection), United Illum. Co., New 
Haven, Conn. 
- Brance, J. D., Brance-Krachy Co., Inc., Houston, Texas 
_ Browning, R. L., Victor R. Browning & Co., Inc., 
2 Willoughby, Ohio 
~ Bugg, V. M. (Reelection), Federal Tel. & Radio Corp., 
East Newark, N. J. 
* Clipson, L. T. (Reelection), Thirlwell, Henderson & 
Marine Elec. Co., Indianapolis, Ind. 
Coffman, A. L., Captain, U. S. Army, Fresno, Calif. 
Collins, H. R., Major, U. S. Army, Wright Field, Ohio 
~ Dunham, H. W., Rural Elec. Adm., St. Louis, Mo. 
Haigler, E. D., Foxboro Co., Foxboro, Mass. 
Hale, F. B., U. S. Maritime Com., Richmond, Calif. 
Harries, J. W., Black & Veatch, Kansas City, Mo. 
Hatheway, D. H. (Reelection), Boston Edison Co., 
Boston, Mass. 
Helldoerfer, C. S. (Reelection), Lieut., U.S.N.R., U. S. 
Bur. of Ships, Washington, D. C. 
‘Henderson, H. J., Ebasco Serv., Inc., New York, N. Y. 
Hultgren, C. D. (Reelection), Southwestern Bell Tel. 
Co., Kansas City, Mo. 
ansen, L. T., Raytheon Mfg. Co., Newton, Mass. 
irkby, N. R., Office of Elec. Com., Calcutta, India 
Mandeville, G. H., Naval Ord. Plant, Camden, Ark. 
Matellic, J. R., Radio Corp. of America, Indianapolis, 


j Ind. 
McCormack, H. E., Appalachian Elec. Pr. Co., Charles- 
ton, W. Va. 
Miles, T. S., W. H. Allen Sons & Co., Ltd., Bedford, 
England 


Montgomery, J. E., Rural Elec. Adm., St. Louis, Mo. 
Moyle, E. A. (Reelection), Black & Veatch, Kansas 
City, Mo. $ 
. Polyak, M. U., Soviet Pur. Com., Washington, Dy; 
Richardson, W. E., Radio Station KOIN, Portland, 
Oreg. 
Roa, W.Jte Alum. Ore Co., East St. Louis, Ill. 
Rockwell, R. J., Crosley Corp., Cincinnati, Ohio 
Rogers, A. C. (Reelection), Appalachian Elec. Pr. Co., 
Charleston, W. Va. rote 
St. John, H. S., Alabama Pr. Co., Birmingham, Ala. 
San Jule, I. C., Gen. Elec. Co., Schenectady, N. Y. 
Smith, A. V., Electronic Prod. Co., Mount Vernon, 
Y, 


N. Y. 
Sprague, R. V. (Reelection), U. S. Bur. of Rec., Boulder 
(Reelection), Chicago Park District, 
Stoker, W. C., Rensselaer Poly. Inst., Troy, N. Y. 
Tucker, J. C., Boston Elec. Rwy., Boston, Mass. 
, R. E. (Reelection), R. E. Uptegraff Mfg. 


a 
Wagner, G. E., Ohio Crankshaft Co., Cleveland, Ohio 


June 1945 
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Wells, H., Cent, Ariz. Lt. & Pr, Co., Phoenix, Ariz, 
43 to grade of Member ~ : 
To Grade of Associate 


United States and Canada / 
1. NortH Eastern 
Alert ¥ H., Signal Corps, U. S. Army, Rochester, 


Brown, G. M., Gen, Elec. Co., Schenectady, N. Y. 
Castenschiold, R., Gen. Elec. Co., Schenectady, N. Y. 


ae ee T., U. S. Coast Guard Acad., New London, 

~ Conn. : 

Gross, V., Templetone Radio Mfg. Corp., New London, 
onn. 

Harrington, F. C., Westinghouse Elec. Corp., Boston, 
ass. 


Heath, G. F., Captain, U. S. Army, Warner, N. H. 
Jepaeee O. W., Stromberg-Carlson Co., Rochester, 


Lee, G. M., Mass. Inst. of Tech., Cambridge, Mass. 
Loesch, W. S., Gen. Elec. Co., Schenectady, N. Y. 
Lumb, D. C., Gen. Elec. Co., Schenectady, N. Y. 
Motisher, W. C., Gen. Elec. Co., Schenectady, N. Y. 


~ Nettesheim, J. C., Gen. Elec. Co., Schenectady, N. Y. 


Ohrn, C. T. (Reelection), Cape & Vineyard Elec. Co., 


Hyannis, Mass. 
Otte, CG. W., Gen. Elec. Co., Schenectady, N. Y. 
par, R. H., Arthur D. Little, Inc., Cambridge, 
ass. 
Schmidt, V. W., Cutler-Hammer, Inc., Buffalo, N. Y. 
Sotelo, E. M., Gen. Elec. Co., Schenectady, N. Y. 
Wentworth, A. M., Gen. Radio Co., Canbrase: Mass. 


2. Muppie EAsTERN 


Beck, A. D., Penna. Pr. Co., Sharon, Pa. 

Charlton, A. A., Duquesne Light Co., Pittsburgh, Pa. 

Cole, C. C. (Reelection), Duquesne Light Co., Pitts- 
burgh, Pa. 

Cook, W. P., Duquesne Light Co., Pittsburgh, Pa. 

Fagnan, D. A., Phila. Elec. Co., Philadelphia, Pa. 

Felt, F. C., Gen. Elec. Co., Erie, Pa. 

Fox, J. W., Clark Cont. Co., Cleveland, Ohio 

Gear, H. F., Ohio Bell Tel. Co., Dayton, Ohio 

Hite, H. F., Toledo Medical Depot, Toledo, Ohio 

Hooks, G. M., Westinghouse Elec. Corp., Philadelphia, 
Pa. 

Hubbert, E. C., Phila. Elec. Co., Philadelphia, Pa. 

joeneen H. M., Glenn L. Martin Co., Baltimore, Md. 

rause, F. W., Lieut., U.S.M.S., Chester, Pa 

Lawrence, H. A., Westinghouse Elec. Corp., Sharon, Pa, 

Layton, W. M. (Reelection), Westinghouse Elec. Corp., 
Mansfield, Ohio 

Marston, F. M., Bell Tel. Co. of Pa., Pittsburgh, Pa. 

Milton, O., Westinghouse Elec. rete Baltimore, Md. 

Poyntz, B. G., Lieut. Comdr., U.S.M.S., Chester, Pa. 

Rajsich, S., Westinghouse Elec. Corp., Sharon, Pa. 

Roelof, E. A., Lear, Inc., Piqua, Ohio 

Ruth, L. M., U.S. Bur. of Ord., Washington, D. C. 

Spector, S., Columbia Elec. Mfg. Co., Cleveland, Ohio 

hompson, E. M., Westinghouse Elec. Corp., Balti- 

more 

Thorn, RK. P., Gen. Elec. Co., Erie, Pa. 

Walter, R. J., 608 N. 12th St., Allentown, Pa. 

Whelan, F. G., Johns Hopkins Univ., Baltimore, Md. 


3. New York City 
Cooper, B. C., McGraw-Hill Pub. Co., Inc., New York, 
N. Y. 


Harris, C. B., Fed. Tel. & Radio Corp., Newark, N. J. 
Heller, S., Cons. Elec. Motor Co., New York, N. ¥s 
Joyce, J. P., Wright Aero a Woodridge, N. J. 
Kania, E. R., Bell Tel. Lab., Inc., New York, N. Y. 
Keplann Y., Fed. Tel. & Radio Corp., Newark, N. J. 
Oberle, E. J., Gen. Electronics, Inc., Paterson, N. J. 
Ribeiro, S. C., Sperry Gyroscope Co., Great Neck, N. Y. 
Scholl, C. G., Bendix Avia. Corp., Red Bank, N. J. 
Selzo, C, A., Ward Leonard Elec. Co., Mount Vernon, 


N.Y. 
Thurston, E. G., Sperry Products Inc., Hoboken, N. J. 


4. SouTHERN 

Brantley, L. D., Tenn. Val. Auth., Knoxville, Tenn. 
Eiland, H. B., Gulf Ord. Plant, Prairie, Miss. 
Hollandsworth, F., U. S. Navy, New Orleans, La. 
Nickles, W. D., U. S. Navy Yard, Charleston, S. C. 
Stewart, W.-A., Stewart Elec. Serv., Jonesboro, Ark. 


5. Great LAKES 
Arthur, B., Jr., Harnischfeger a Milwaukee, Wis. 
Bouse, R. C., Detroit Edison Co., Detroit, Mich. 
Davis, A., Commonwealth Edison Co., Chicago, Ill. 
Dequaine, D, C., Allis-Chalmers Mfg. Co., West Allis, 
Wis. 
Evans, F. H., A. G. Redmond Co., Owosso, Mich. 
Feldman, F., R. G. Le Tourneau, Inc., Peoria, Ill. 
Foss, R. F., Carnegie-Ill. Steel Corp., Chicago, IIl. 
seaeey ety S J., Gen. Elec. Co., Fort Wayne, Ind. 
Gaylord, F. W., Amertorp Corp., Forest Park, Ill. _ 
Haverlah, K. W. (Reelection), Commonwealth Edison 
Co., Chicago, Ill. : “ 
Heublein, E. C., Harnischfeger Corp., Milwaukee, Wis. 
Knote, H. L., Ind. Pr. & Lt. Co., Indianapolis, Ind. 
Lucas, G. G., Harnischfeger Corp., Milwaukee, Wis. 
Miller, C. V., Pub. Serv. Co. of Northern Ill., Joliet, Til. 
Miller, G. H., Esterline-Angus Co., Inc., Indianapolis, 


nd. 
O’Russa, L., Cent. Ill, Lt. Co., Princeville, Ill. 
Otten, A. J., R. Herschel Mfg. Co., East Peoria, Ill. 
Owings, S. B. (Reelection), A. O. Smith Corp., Milwau- 
kee, Wis. 
Paransky, H., Westinghouse Elec. Corp., Detroit, Mich. 
Percy, W. G., Northwestern Bell Tel. Co., Des Moines, 
Iowa 
Pfeiffer, R. P., Hiram Walker & Sons, Inc., Peoria, Ill. 
Pleasants, E, B., Badger Ordnance Works, Baraboo, Wis. 
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Sedgwick, H. T., Amer. Tel. & Tel. Co., Peoria, Il 


- Zupancic, 


ges’ i) ’ A / 


Renken, H., Caterpillar Tractor Co., Peoria, tH. 


Spicngel H. J, Gea, Biles, K-Ray Cogan Obitago, Ub 

Strout’ 1 F, men Elec. X-Ra Gon Chicago, Nuh 

Tillman, E, L., Int’l. Brotherhood of Elec. Workers, 
Peoria, I. 7 


- Tucker, E. M., Altorfer Bros. Co., Peoria, Ill. 


Waterman, H. C., Bendix Avia. Corp., South Bend, Ind. 
Webb, W. E., Westinghouse Elec. Sup. Co., Peoria, Ill. — 
Woods, A. J., Defoe pees ., Bay etl Mich, — 

- J-y Rep. Steel Corp., Chicago, ‘Sy 


6. Norru CENTRAL 


Tarbox, G, E., Manufacturers Agent, Denver, Colo. ; 
Zito, A. F., Kershaw, Heyer, Swinerton & Walberg, 
Denver, Colo. 


7. Sour West : 
Allen, H. L., Southwestern Pub. Serv. Co., Lubbock, 


Texas ' 
Balcom, H. A., Magnolia Pipeline Co., Dallas, Texas. 
Banks, A. G., Merriam, Kans. h 
Buck, D. B., Jr., U. S. Navy, Corpus Christi, Texas 
Davis, M., Western Union Tel. rata Dallas, Texas 
Euler, P. H., Rural Elec. Adm., St. Louis, Mo. 
Francis, G. A., Assoc. Press, Kansas City, Mo. 

Garrett, T. M., USAAF, Stephenville, Texas 
Heinemann, F, E., Rural Elec. Adm., St. Louis, Mo. 
Luechau, C. W., U.S. Cartridge Co., St. Louis, Mo. 
Madden, P. R., St. Joseph Lt. & Pr. Co., St. Joseph, 


O. i 
Soucy, H. A., Southwestern Bell Tel. Co., Fort Worth, 
‘exas 
Woodruff, J. R., Elec. Cont. & Mfg. Co., Houston, 
Texas . 
Zurheide, C. H., Union Elec. Co. of Mo., St. Louis, Mo. 


8. Paciric 
Astorga, L. T., Calif. Shipbldg. Corp., Wilmington, 


alif. 

Baber A. V. K., Cent. Ariz. Lt. & Pr. Co., Phoenix, 
riz. ‘ 

Barstad, J. A., North Amer. Avia., Inglewood, Calif. 

arg J. W., Bethlehem Steel Co., San Francisco, 


eee Cc. D., Pac. Gas & Elec. Co., San Francisco, 
Diba, Cc. T., Ariz. Edison Co., Inc., Casa Grande, 


riz. 
Guerassimoff, D. B., U. S. Naval Drydocks, San Fran- 
cisco, Calif. 
Kelly, L. D., Gen. Elec. Co., Phoenix, Ariz. 
Maras: ave Westinghouse Elec. Corp., Los Angeles, 
alif, 
—o mi P., Westinghouse Elec. Corp., Los Angeles 
alif. 
Robinson, H. W., Westinghouse Elec. Corp., Los Ange- 
les, Calif. 
Takken, F. R., 
Francisco, Calif. 3 
baste . A., Allis-Chalmers Mfg. Co., San Francisco, 
alif. 
Ward, D. C., North Amer. Avia., Inglewood, Calif. 
Warne, V. J., Micro Switch Div., Los Angeles, Calif. 
Werden, A. C., Jr., So. Calif. Edison Co., Ltd., Los 
Angeles, Calif. 


9. Norra West . 
Dusenbery, W. M., Line Material Co., Salt Lake City, 


ta 
Fragall, A. D., Portland Gen. Elec. Go., Portland, Oreg. 
Gold, M. O., Eimco Corp., Salt Lake City, Utah 
MacMurray, S., Armstrong Heat Control Co., Portland, 


Oreg. 
Mithoug, O. J. (Reelection), Swett & Crawford, Port- 
land, Oreg. 
Parker, G. D., Multnomah College, Portland, Oreg. 
Rethmeyer, H. G., Westinghouse Elec. Corp., Seattle, 
Wash, 
Sauke, E. F., Bonneville Pr. Adm., Portland, Oreg. 
Singer, C. D., Westinghouse Elec. Corp., Seattle, Wash. 
Smith, W. F., Line Material Co., Salt Lake City, Utah 
Wohlgemuth, D. G., Bonneville Pr. Adm., Vancouver, 


G. M. Simonson, Cons. Engr., San 


Wash. 

Young, E. V., Columbia River Paper Mills, Vancouver, 
Wash. 

10. Canaba 


Bunston, R. F. E., Elec. Lieut., R.C.N.V.R., Halifax, 
Nova Scotia 
Clarke, E. A. (Miss), Can. Westinghouse Co., Hamilton, 


nt., Can. 
Dale, G. T., Elec. Main. & Repairs Co., Ltd., Toronto, 
Ont., Can. 


Elsewhere 


Bullick, D., Cole St., Dannevirke, N. Z. 
Daoud, D. A., Pub. Works Ministry, Mahmoudieh, 


_, Egypt 
Ghare, Y. B., Cawnpore Elec. Sup. Corp., Ltd., Cawn- 


pore, India 

Major, D. F., Ministry of Munitions, Sydney, N. S. W., 
Aust. ; 

Muncey, R. W. R., Univ. of Melbourne, Victoria, 
Aust, 


Oliphant, W. D. (Reelection), The University, St. 
Andrews, Scotland 

Pathak, S. C., Indian Inst. of Science, Bangalore, India 

Quader, S. A., H.E.H., Pub. Works Dept., Somajignda, 
Hyderabad, India 

Row, K. B., Indian State Railways, Bihar, India 

Subramanian, R., Ordnance Factory, Bombay, India 

Traylor, J. D., Metropolitan-Vickers Elec. Co., Ltd., 
Manchester, England 

West, G. W., 37 Nicholson St., Victoria, Aust. 


Total to grade of Associate 
United States and Canada, 140 
Elsewhere, 12 
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Ambrose Fleming’s Life Spanned 


/ 


‘States entrance into the war. 
‘that time merely as a warning marker for 


Radio’s Developments 


The death of Sir Ambrose Fleming on 
April 19, 1945, in Devon, England, at the 
age of 95, removed a distinguished figure 
from the field of electricity and radio. He 
was associated with the introduction to 
Britain of the telephone, electric lighting, 
and wireless telegraphy, and designed the 
wireless signal apparatus of the Marconi 
station in Cornwall. He was the last of the 
school of Maxwell, Marconi, and Sir Oliver 
Lodge, all pioneers of wireless. 

As the inventer of the diode valve which 
made the reception of radio waves sure and 
easier, he paved the way for Lee de 
Forest to introduce the grid which made the 
vacuum tube a highly sensitive device which 
could turn a stream of electrons on or off 
and “give the radio engineer anything from 
a trickle to a Niagara.” 

In the early 19th century Sir Ambrose 


‘prepared a text of more than 1,700 pages 


covering electromagnetic-wave phenomena 
which became a bible to radio men and is 
now considered a classic. Among his works 
is a text on radiotelephony written at a 
time when very little was known about 
“modulating” a space wave with voice or 
music. These books were used as textbooks 
for the training of students in the radio— 
electrical fields and are included in the 90 
or more highly important scientific treatises 
he produced between 1892 and 1934. 

Sir Ambrose was educated at University 
College, the Royal College of Chemistry, 
and St. John’s College, Cambridge. 


Statue of Liberty Signalized 
Y-E Day 


New lighting more closely resembling an 
actual flame blazed in the torch of the Statue 
of Liberty on Bedloe’s Island, New York, 
N. Y., on V-E Day on May 8, 1945. To 
supply a flame of bluish-white brilliance, 
engineers of the Westinghouse Electric Cor- 
poration, East Pittsburgh, Pa., added six 
400-watt high-intensity mercury-vapor lamps 
to the 13 1,000-watt incandescent lamps and 
one 250-watt incandescent lamp which simu- 
lated the flame before the war. Sixteen spe- 
cial floodlight projectors were also added, 
each containing a modern quartz-inner-bulb 
400-watt high-intensity mercury-vapor lamp. 
‘The new mercury-vapor lamps and the in- 
candescent lamps. retained in the latest in- 
stallation are grouped in a cluster which is 
enclosed by the outer wall of the torch. 
The wall is made up of more than 600 panes 
of glazed cathedral glass supported by steel 
ribs. 

Samuel G. Hibben, director of applied 


lighting for the company, directed the last 
relighting of the statue in 1931. 


He sub- 
mitted a program for the modernization of 
the illumination late in 1941, but the pro- 
posal was deferred because of the United 
Used since 
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airplanes and ships, ie torch flame which 


burns 300 feet above New York Harbor was _ 


relighted in a mightier blaze ‘asa victory 
signal and watchtower of peace the day 
Germany surrendered. On that day the 


augmented battery of 112 giant reflector 


lamps at the statue’s base was switched on, 
and a modernized floodlighting system was 
turned on to full brilliance. 


Color Television for the Future 


‘The inevitability of establishment of a color 
television service was the opinion of L. C. 
Jesty, speaking before a recent meeting of 
the radio section of the Institution of Elec- 
trical Engineers in England. He reviewed 
three types of scanning sequences and men- 
tioned methods of producing the necessary 
primary colors. He believed that the only 
immediately practicable system was the 
“‘sequential-color frame-scanning” system. 
With regard to the standard of definition 
Mr. Jesty said that a 405-line color picture 
would require about three times the video 
band width, and with vestigial side-band 
transmission about twice the ether space of 
the prewar 405-line transmission. On this 
basis, a 500-600-line color picture was not 
inconceivable as a long-term developmerit. 
He gave demonstrations of the synthesis of 
white light from three primary colors. 

In the discussion several speakers com- 
mented on the apparent improvement in 
contrast in the color pictures, and it was 
agreed that less range of tone was required 
in color than in a black-and-white system. 
One speaker thought that a mechanical 
system of scanning might provide a solution; 
small high-speed motors were now available 
with a useful life of the order of 4,000 hours. 
The chairman concluded that color television 
is not likely to become an established serv- 
ice for some years, but when it does it will 
be of great value as there are many subjects 
which cannot be adequately portrayed in 
monochrome. 


Critical Shortage of Engineers 
Continues to Be Alarming 


To obtain a picture of the present critical 
shortage of engineering graduates, A. A. 
Potter, dean of engineering of Purdue Uni- 
versity, Lafayette, Ind., sent a communica- 
tion to about one third of the 400 companies 
which ordinarily employ engineering gradu- 
ates of the university and which have been 
requesting engineers with increasing urgency. 
The communication, sent to a good cross 
section of American industry, asked for in- 
formation on present and future needs. 
Replies received revealed the following in- 
formation : 


105 companies replied. 


8 or 7.6 per cent indicated no need for additional engi- 
Neering talent. 
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Chemical, igh es and oil industries. 

Construction companies...........--+ 
Electrical manufacturers...........-- 
Machinery and automotive Snaaaiobuners 
Railroads and railway supply companies... 
Steel and other raw-material industries....... 


“The foregoing survey, which included only 


a very small percentage of American ind 


tries, revealed an urgent need for 4,590 engi- 


neers. This would indicate that the total 
need by American industry of trained engi 

neers is certainly many times the shortage: 
reported. This is particularly serious since. 


the output of civilian engineers from all en-_ 


: 
| 


gineering colleges of the United States during 
the present year will be less than 2,000 and 
will be made up largely of individuals who | 
are physically incapacitated,” according to 
the report. 


; 


In addition to their present urgent needs, — 


the companies were asked to indicate their 


long-range needs after the emergency is over. — 


: 
: 
; 


These long-range needs for 96 companies | 


total 3,509, or 36 engineers per company. 


These totals will not be affected by the return _ 
of veterans since the companies took this into _ 


consideration when reporting. 
This survey indicates that the United 


States is now confronted with a critical 


shortage of engineers. This may prove a 
serious handicap in expediting the end of the 
war in all theaters of operation, as produc- 


tion of war equipment is bound to be un- — 


favorably affected by the shortage of engi- 


neers who have the knowledge to plan, de-— 


sign, and supervise industrial production. 


The ending of the war will find the United - 


States with many of its natural resources 
greatly depleted: and facing from other lands 
the keenest industrial competition ever con- 
ceived. To keep full employment in indus- 
try in the years of reconstruction adequate, 
engineering and scientific staffs must be 
made available to develop new materials 
and better articles of commerce, and to 
manufacture them in large quantities at low 
cost to meet world competition. 


Electricity Generated in Britain. The 
total quantity of electricity generated at 
public supply stations in Great Britain in 
1944 was 38,354 million units compared 
to 36,951 million units in 1943, or an in- 
crease of 3.8 per cent. The increase since 
1939 has been 11,945 million units or 45.2 
per cent of the 1939 output. These data are 
contained in the 17th annual report of the 
Britain’s Central Electricity Board. At the 
end of 1944 the Grid comprised 5,142 miles 
of transmission lines. Of these 3,614 miles 
was operated at 132,000 volts and 1,528 at 
66,000 or lower voltages. The Grid also 
included 348 switching and transforming 
stations. 
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d by the United States Sete: 
Co apany, Akron, N. Y. The material is a 
strip of specially compounded synthetic 
rubber, 18 feet long, which is cemented to 
the leading edge of | each blade. United 
States Coast Guard pilots testing the mate- 
rial flew their machines many hours in heavy 
rain without damage to the blades. The 
rotor blade tips attain a speed of more than 
325 miles per hour, bringing strong air 
pressure against the fabric surfaces. 


WAR PROGRAM ee 


earning-to-Fly Classes Formed. Com- 
flight efficient crews for the 20 FRM Mars, 
the United States Navy and The Glenn L. 
Martin Company have begun the first of a 
series of meaintcn ance and _ operational 

classes at the company’s plant in Baltimore, 
EB Md. According to present schedules, almost 


_ half the Navy men will have been trained by — 


% the end of the first four months. 

__ Most of the trainees are veterans of flying 
z in other types of heavy Navy transports and 
. flying boats. 

_ The FRM courses are being conducted 
$ under the direction of Lieutenant Ted W. 
Turner, United States Naval Reserve, and 
_ Frank Fidelman, the school’s director. - De- 
_ tailed outlines of the work have been planned 
“en the basis of experience compiled from 
_ the records of the Mars’s operations between 
the Alameda and Honolulu _bases.. The 
_ course will combine the merits of both tech- 
nical and practical training. 


— 


POSTWAR cece 


To Salvage Science— 
An Imperative Need 


The United States “‘is headed for a second- 
and-third-rate role in the postwar period” 
unless present Government policies of draft- 
ing scientific students and of exporting 
scientific equipment are remedied, accord- 
ing to an editorial in a recent issue of Indus- 
trial and Engineering Chemistry, published by 
the American Chemical Society, New York, 
N. Y. 

The editorial entitled, “Shall We Sell 
America Short Scientifically?’ declares that 
the United States through its selective-serv- 
ice policies already has lost one generation 
of future scientists and is on the way toward 

_losing a second, even‘while foreign nations 
are sending increasing numbers of students 
to the United States for training to staff 
research institutions in their home countries. 

The writer contrasts the unwillingness to 
defer bonafide students in institutions of 
higher learning in the United States with 
the current enrollment of foreign students 
in this country. 

Continuing the indictment of American 
draft practices, the editorial states further that 
American manufacturers of equipment, scien- 
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‘ 2 
‘commodities, are fe with ieee nace 


ning their training facilities to provide top- ~ 


lend-lease to be employed in the postwar 


2 period for equipping plants and research 


laboratories in countries with which the 
United States is now allied in a common war 
effort, though lend-lease “‘is supposed to 
provide an exchange of goods and services 
for the sole purpose of winning the war.” 
Evidence of the preferential treatment 
given to foreign students by their Govern- 
ments is widespread in the United States 
according to the editorial. “One of the 


largest institutions in the United States, 


which was popular with foreigners prior to 
World War II, experienced this year an 
increase in enrollment of 100 per cent in 
foreign students over the average attendance 
in the period 1920-39 and has on hand appli- 
cations representing an increase of over 400 
per cent above the 1920-39 period,’ the 
editorial states. Mention also is made of 


the facts that India is sending 250 students 


holding master’s degrees to the United States 
in 1945, and France is establishing national 
fellowships in the United States. There is 
a minimum of 3,256 students from other 
American republics enrolled in United States 
colleges and universities. Although such 
interchange is applauded by the editorial, 
the contrast with United States policy toward 
its own scientific students is deplored. 


Discusses Developments for Peace. 
Henry N. Muller, Jr. (M ’43) central-station 
engineer of the Westinghouse Electric Corpo- 
ration, East Pittsburgh, Pa., and consultant 
on power-station matters, cited the buzz 
bomb, the rocket, and the bazooka to illus- 
trate the performance of the jet-propulsion 
engine in agents of destruction. Speaking 
before members of the Rochester (Minn.) 
Rotary Club, he predicted the harnessing of 
that motive power to useful humane roles 
in the postwar era. He said that the me- 
teorologist will utilize rockets to take im- 
portant soundings of the atmosphere 50 or 
100 miles above the earth instead of the 
shallow five or six miles now possible; 
jet-propelled aircraft, in production now for 
military purposes only, offers promise of 
passenger travel through lofty altitudes at 
700 miles an hour in the not-too-distant 
future. Among the many innovations that 
have undergone vast improvement under the 
spur of war, Mr. Muller named the gyro- 
scope, which would make aircraft naviga- 
tion simpler and safer and bring greater 
comfort of travelers on our railroads; de- 
vices to cleanse dust, dirt, smoke, and disease 
germs from the air; new types of lamps for 
heat, health, and better readability, and the 
insecticide bomb which will go on duty in 
homes and industry when its wartime duties 
are finished. 


Scholarships for World of Tomorrow. 
The awarding of 41 new postservice fellow- 
ships to men now serving with the United 
States Armed Forces throughout the world 
has been announced’ by the John Simon 
Guggenheim Memorial Foundation. These 
are to be ready and waiting for the recipients 
when the war ends. Thus the progress of the 
arts and sciences is visualized despite the 
ravages of war and the loss of leaders of the 
future capable of advancing the cause of 
humanity. 
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al Plan for Scientific Research pe es * 


The cost of mobilizing science during the 


war was $472,984,799, the sum spent by the 


Office of Scientific Research and Dexelene § 
ment for war research. A committee headed — 


by Representative Woodrum supported by 
Secretaries Stimson and F orrestal has raised 


its voice for the continuance of military re- 


search in the belief that the war could not 


have been fought without the aid of chemists, 


physicists, and engineers. This committee 


would turn the matter over to the National 


Academy of Sciences which would act through _ 


a committee of 40, half officers, half civilian _ 
This 


scientists, with a civilian as chairman. 


governing committee would control scientific 


research and development of all branches for 


“i 


~~ 


the Armed Forces, with the Academy report-. . : 


ing from time to time to the proper commit- 


tees of the Senate and the House on expendi- 
tures, and the president of the Academy 
paying out funds on vouchers. 


War Veteran Gets Jobs for Veterans. In 
line with its intention to help the rehabilita- 
tion of 1,200 members serving in the active 
forces and a larger number employed in war 
industry, The Engineering Institute of Can- 
ada, Montreal, Quebec, has appointed 


Major Donald C. MacCallum, a veteran of ~ 


the campaign in Italy and recently dis- 


charged from the army because of wounds, 


to direct its personnel services. A recent 
survey indicated that both engineers and 
their employers expect the Institute to per- 
form this type of service. The Engineering 
Institute of Canada has had more than 25 
years’ experience in the placement of tech- 
nical personnel. 


OTHER SOCIETIES e 


Instrument Society Formed. A new 
national society to be known as-“‘The In- 
strument Society of America’’ was organized 
in Pittsburgh, Pa., on April 28, 1945, at a 
conference attended by delegates of 15 
measurement-and-control-instrument socie- 
ties from different industrial centers through- 
out the United States. The purpose of the 
society, which is nonprofessional, will be to 
advance the arts and sciences that are con- 
nected with the theory, design, manufacture, 
and use of instruments. Pro-tempore officers 
elected included A. F. Sperry (M37) owner 
of the Hubbard Engineering Company, 
Chicago, III. 


Street Lighting Called Too Dim 


Street lighting in more than 90 per cent 
of American communities is so dim that it 
fails to meet even the minimum require- 
ments for safety, according to John L. Kil- 
patrick, illuminating engineer for the lamp 
division, of the Westinghouse Electric Cor- 
poration. 

Speaking before a joint meeting of the 
St. Louis Electrical Board of Trade and 
the Spirit of St. Louis chapter, Illuminat- 
ing Engineering Society, he said that the 
present average illumination on the business 
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streets of most cities should! Be Hen 
up 20 times. His recommended illumina- 
“tion for business areas is five foot-candles 


- which, Mr. Kilpatrick explained, “‘is still 


_ only one-tenth of the 50 soo canales which | 


many war-plant workers now enjoy.” 
Wartime and postwar developments in 
electric-light sources and equipment will 
make higher levels of street lighting eco- 
nomically practicable, Mr. Kilpatrick said. 
Possible postwar applications of two new 
types of fluorescent tubes, the circular and 
slim-line, and unusual ideas for using con- 
ventional fluorescent tubes were suggested in 
color slides which Mr. Kilpatrick showed. 


‘ 


Pennsylvania Electric Association Meets. 
The spring meeting of the transmission-and- 
distribution committee of the Pennsylvania 
Electric Association was held at the Bruns- 
wick Hotel in Lancaster, Pa., on May 24-25, 
1945. The sessions were in the nature of 
round-table discussions, and the conference 
subjects included one on high-voltage trans- 
mission problems. 


HONORS 


W. F. Durand Awarded 
John J. Carty Medal 


William Frederick Durand, ,professor 
emeritus of Stanford University, Palo Alto, 
Calif., has been awarded the fifth John J. 
-Carty Medal for the Advancement of Science 
and an honorarium of $2,500 by the National 
Academy of Science. The award was made 
with this citation—‘‘in his profession, a versa- 
tile and creative engineer, among his col- 
leagues, a wise and friendly counselor; before 
his students, a kindly and inspiring teacher; 
to the Nation, an able and devoted servant.” 

Professor Durand, a mechanical engineer, 
and at one time member of AIEE, has writ- 
ten many papers and articles for the technical 
and engineering press and is the author of 
“Resistance and Propulsion of Ships,” ‘‘Prac- 
tical Marine Engineering,” and ‘‘Hydraulics 
of Pipe Lines.’? He was general editor of 
“*Aerodynamic Theory” in six volumes. 

The John J. Carty Fund of $25,000 was 


established in 1930 by close associates of. 


Doctor Carty when he retired from the 
vice-presidency of the American Telephone 
and Telegraph Company. Both the medal 
and the monetary award are granted for 
noteworthy and distinguished accomplish- 
ments in any field of science coming within 
the scope and charter’ of the National 
Academy of Science and are accompanied 
by a diploma citing the reasons for the 
award. It is stipulated that the award shall 
not be made oftener than once in two years. 
The first award was made posthumously to 
Doctor Carty. 


Degree Conferred on Aircraft Official. 

In ceremonies held recently at the Case 

School of Applied Science, Cleveland, Ohio, 

the honorary degree of doctor of engineering 

was conferred upon Glenn L. Martin, presi- 

dent of The Glenn L. Martin Company, 
- Baltimore, Maryland. 
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Rapid Progress on Coaxial-Cable if 
Program of Bell System ~ 
By the end of this year the Bell System ex- 


pects to have 2,000 miles of its coaxial-cable 
network meciiiactad and at least three 


fourths of this mileage in the ground, accord- 


ing to a recent announcement of the Ameri- 
can Telephone and Telegraph Company. 
By the end of this year the cable crews on 
the new all-cable route to the West Coast are 
scheduled to be in the vicinity of Fort Worth 
and Dallas, halfway across the continent. 
The aim is to reach Los Angeles in the 
spring of 1947. One year ago the company 
announced a five-year coaxial-cable program 
involving 6,000 to 7,000 route-miles of 
construction. 

In addition to its use for long-distance 
telephone service, coaxial cable is capable of 
transmitting the very broad bands of fre- 
quencies required for television. The co- 
axial-cable system now being built is there- 
fore suitable to form the backbone of future 
nationwide television program networks. 

Experiments with coaxial systems as a 
means of transmitting many telephone con- 
versations simultaneously over one pair of 
conductors began more than a decade ago. 
Use of the New York—Philadelphia cable for 
transmitting television images was first 
demonstrated in 1937. 

The coaxial cable itself consists of a copper 
tube with a single wire in its center. With 
the present terminal and repeater equipment, 
a pair of coaxial cables can provide 480 tele- 
phone circuits, or, the coaxial cable can be 
arranged to transmit both the visual images 
and the accompanying sound for television 
programs. 

The Bell System’s projected radio-relay 
system between New York and Boston is 
also going forward. This trial of microwave 
transmission is intended to determine its 
efficiency, dependability, and economy for 
multiplex telephony and for interconnecting 
sound broadcast and television stations. It 
will help to determine how large a role this 
type of system will play in the provision of 
additional links in the Bell System’s network 
of communication routes, 


Adventure in Review. As a_ portal 
through which readers may glimpse some of 
the world-wide activities in which the 
International. Telephone and ‘Telegraph 
Company is engaged, a company publication, 
The International Review, willappear monthly. 
The first issue, dated April 1945, tells the 
story of Brazil and gives a roundup of 
happenings in the company’s system and 
news about promotions and movements of 
personnel. The editors hope that the readers 
will discern the spirit of adventure in these 


pages. 


Eisler Has 25th Anniversary. The 
Eisler Engineering Company, Newark, N. J., 
is celebrating the 25th anniversary of its 
founding by Charles Eisler (A’41), chief 
engineer. Though at first a small plant 
employing only a few men, it specialized in 
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svtial years aaa y 
Electric and Manufacturing 
Pittsburgh, Pa. Inspired b 
that anything that could be made by 
hands could also be eee ars x 


whieh ay that fae Ae ert: 

on machines. Notable among his inven 
is the bent exhaust-tube process for m 
tipless house lamps. To commemorate 
25 years of pioneering research, the « 
pany announces a special anniversary ca 
logue containing information and technical 
data for the electronic glass-working industry. 


- 
. 


Air-Conditioning Department Formed. 
Establishment of the air-conditioning depart- 


ment as one of the operating departments — 


of the General Electric Company, Schenec- 
tady, N. Y., has been announced. Opera- 
tions pertaining to heating, air conditioning, 
and commercial refrigeration previously were 


the responsibility of the appliance and mer-_ 


chandise department. The new department 
will have its headquarters at Bloomfield, 
N. J., and George R. Prout has been desig- 
nated as general manager. The new de- 


partment will select and utilize appropriate _ 
marketing channels and methods for all of its _ 
products except air conditioning for rail trans- 
portation, which remains a responsibility of © 


the transportation divisions of the company. 


Bell Buildings to Expand. A substantial 
increase in the size of the plant of the Bell 


Telephone Laboratories will be made as | 


soon as war restrictions permit. 


The build-— 


ings at Murray Hill, N. J., which accomodate _ 
more than 1,000 people, will be approxi-— 


mately doubled in size. The first unit of the 
suburban laboratory cost in the neighbor- 
hood of $2,500,000 and was opened in the 
autumn of 1941. Prominent among the new 
features’ are the quickly movable partitions 
and the ease with which wires, cables, and 
pipes may be installed or removed and yet 
concealed from view. Designed for peace- 
time use, the new laboratory was opened 
just as war was breaking. Here scores of war 
projects have been started, some small and 
completed quickly, others large and expand- 
ing from a room to whole sections of the 
building. 


Television Program by Philco. The first 
television program eéver broadcast from 
Washington, D. C., was transmitted recently 
to an audience in Philadelphia over a new 
multiple-relay television network developed 
by Philco Corporation, Philadelphia, Pa. 
Appearing on this inaugural telecast from 
Washington were Paul A. Porter, chairman 
of the Federal Communications Commission ; 
Karl T. Compton (F ’31), president of 
Massachusetts Institute of Technology, 
Cambridge, Mass., and chairman of the 
Research Board for National Security; and 
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elping to Raise One Billion. Industrial 

is of ManhattanBorough, New York,N. Y., 

end to buy $1,000,000,000 in War Bonds 
ng the Seventh War Loan. Among 
hose who have volunteered to lead their 
v espective units in the industry section are 
‘Theophilus F. Barton (F’30), commercial — 
vice-president of the General Electric Com- 
pany, New York, N. Y., and Henry C. 
Clement (M13) assistant to the district 
manager, management department, of the 


‘same company. They are serving as chair-- 


‘man and cochairman, respectively, of the 
electrical unit. 
= E * 


New Name Adopted. _ For the sake of 
‘simplicity and brevity, the name of the 
_ Westinghouse Electric and Manufacturing 
_ Company, East Pittsburgh, Pa., has been 
Bebeneed to Westinghouse Electric Corpora- 


Biion: The new name became effective on 
pis 12, 1945. 


EDUCATIONe eee 


Fellowships at Ohio State University. 
_ Three fellowships in electron optics at The 
Ohio State University, Columbus, Ohio, 
have been provided by the Westinghouse 
_ Educational Foundation. One is a post- 
_ doctoral fellowship with a stipend of $3,000 
per year and two are predoctoral fellow- 
ships with stipends of $1,000 per year. 
These are open to graduates in physics, 
mathematics, and electrical engineering, 


Science Must Attract Students. Phe 
increased demands for chemists, physicists, 
and others trained to carry on scientific re- 
search present a challenge to education. If 
such demands are to be met, students of 
superior ability must be sought out and 
attracted to the sciences.” ‘These remarks 
were contained in a recent report of Lee I. 
Smith, chief of the organic chemistry de- 
partment of the University of Minnesota, 
Minneapolis, Minn., to the American 
Chemical Society. This report is a timely 
contribution to the postwar reorganization 
of the nation’s 25,000 secondary schools. 


Institute Celebrates Anniversary. Greet- 
ings from its namesake city in New Jersey to 
liberated Hoboken in Belgium, featured the 
Alumni Day celebration of the 75th anniver- 
sary of Stevens Institute of Technology on 
May 26. The letter was transmitted through 
the Belgian Information Center in New York. 
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This PBM-5 (Patrol Bomber Martin) is the third model and sixth version of the twin- ; 
engine Glenn L. Martin “Mariner” series of flying boats. 


Powered by Pratt and Whit- 


ney R-2800 engines, the Mariners have redesigned engine cowlings, air scoops, and in- 


ternal design changes. Jet-assisted take-offs also are employed in the PBM-5’s as they aa 
In combat action these PBM’s have ranged on search patrols _ 
within 100 miles of the Japanese mainland and on air-sea rescues have operated in _ 
waves from 8 to 12 feet high. During recent service-test hops at the Naval Air Station, 


have been on earlier types. 


Patuxent, Md., a PBM-5 flew an endurance flight or 28 hours and 6 minutes 


LETTERS TO THE EDITOR 


INSTITUTE members and subscribers are invited 
to contribute to these columns expressions of opinion 
dealing with published articles, technical papers, 
or other subjects of general professional interest. 
While endeavoring to publish as many letters as 
possible, Electrical Engineering reserves the right 
to publish them in whole or in part or to reject them 
entirely. Statements in letters are expressly under- 


The Engineering Degree 


To the Editor: 


Professor Chester L. Dawes’ letter concern- 
ing requirements for engineering degrees in 
the April 1945 issue of Electrical Engineering, 
prompts me to revive a suggestion which I 
have made many times in the 30 years just 
past, and which, so far, has met with uni- 
versal dissapproval. 

I propose to abolish all degrees, engineer- 
ing and others, thus ending automatically a 
futile and otherwise endless argument. Let 
us maintain our educational institutions with 
their faculties, libraries, laboratories, and 
other facilities; let any person attend, study 
what -he likes for any convenient period, 
whether six months or six years; but let him 
take away nothing except what he has 
learned—no degree, diploma, or certificate. 
After all, it is the business of the school or 
college to advise and assist students in the 
acquisition of knowledge—not to classify and 
label them and to announce, by implication 
at least, that all yellow tags mark goods of 
the same quality. 

The college would enjoy a number of inci- 
dental advantages. No one would matricu- 
late except serious-minded persons, who really 
wanted to learn; the charlatan, in search of 
only a diploma which he might flaunt in the 
public eye, would have no place there. 
Extracurricular activities would be reduced 
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stood to be made by the writers. Publication here 
in no wise constitutes endorsement or recognition 
by the AIEE. All letters submitted for publication 
should be typewritten, double-spaced, not carbon 
copies. Any illustrations should be submitted in 
duplicate, one copy an inked drawing without 
lettering, the other lettered. Captions should be 
supplied for all illustrations. 


to a minimum. The faculty would waste 
little time attempting to cultivate sterile 
ground. The number of students no doubt, 
would be smaller, but the useful output of the 
institution would be much greater. 

In the past whenever I have suggested the 
abolition of degrees, someone invariably has 
popped up with the triumphant air of a cross- 
examining attorney about to spring a trap: 
‘‘But, how is the personnel department of an 
employer to know whether a man is compe- 
tent?” 
‘“How does it know anyway?” ‘The answer 
to both questions is: ‘It doesn’t.” Anyone 
who has ever purchased an item from a mail- 
order house on the basis of a catalogue de- 
scription will recall his disappointment when 
he found that the article was not what he 
wanted, although it conformed to the cata- 
logue listing. The records of the personnel 
department are its mail order catalogue. 

If the only purpose of a degree is to serve 
as a blanket letter of recommendation to 
employing agencies, it has come a long way 
on the down grade from its dignified and 
aristocratic origin. 

If personnel departments have no better 
method of rating men than to accept at face 
value miscellaneous degrees from even more 
miscellaneous educational institutions, then 
it is high time that these departments should 
retire to that limbo of obscurity from which, 
only a few years ago, they emerged to plague 
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An equally pertinent question is: - 


a 


a 


~ 


P 


' von Humboldt or Michael Faraday—they 


had no degrees. Likewise, Charles Darwin 
and Alfred Russel Wallace would have been 
out of luck. Even Isaac Newton and James 


~ Clerk Maxwell, with their trivial master of 


pf 


arts, would have been washed out by the 
flood of doctors of philosophy which threatens 
to submerge everything. We have been 


_ taught that Thomas A. Edison, Frank J. 
Sprague, and W. L. R. Emmet did important 


work, but perhaps that is an error—how 
could they without degrees? 

Just what use does a man make of a de- 
gree? Does he write it when he signs his 
letters or checks? Does he insist on its use 
wherever his name appears in print, as, for 
example, in the telephone directory? There 
is one place where you are sure to find a full 
array of degrees, society memberships, and 
other more or less. significant details of the 
author’s real or fancied importance—that is 
on the title page of a book. This, however, 
must be taken as what is called in the law a 
“self-serving statement.” I always have sus- 
pected that its principal purpose was to dazzle 
the reader, so that he might not discover 
that everything in the book had been printed 
many times before. 

The United States of America was founded 
on the alleged belief that ‘“‘all men are 
created equal.” It seems likely that every 
man who affixed his signature to that declara- 
tion did so with his tongue in his cheek; 
but, however sincere the signers may have 
been, every one of their heirs, successors, and 
assigns has'struggled ever since to obtain some 
kind of designation to indicate his superiority 
to the common herd of ‘‘equals.” It is an 
amusing phenomenon—this frantic scramble 
for titles of distinction among a people who 


_have shouted longer and louder and to less 


effect than any others about the equality of 
all men. 

There are men who study because they 
enjoy it, because they find pleasure in con- 
templating the phenomena of the universe 
and in the effort to correlate their observa- 
tions. To such persons a degree means less 
than nothing. As to those who expect to 
utilize their educations (?) in a competitive 
field, let them be sporting enough to enter in 
open contest with all comers without de- 
manding a handicap and to prove their 
claimed superiority by the results of their 
work, 

Today many department stores require 
that members of their sales force shall hold 
academic degrees, and some so-called ‘‘ad- 
vanced” Boards of Education insist that a 
doctorate is the indispensable qualification 
for teaching in a grade school. The whole 
matter of degrees has become ridiculous. 
The electrical engineer should hold them in 
contempt. 


CHARLES W. COMSTOCK (M ’38) 


(Consulting engineer, Jackson Heights, N. Y.) 


NEW BOOKS eeee 


The following new books are among those recently 
received from the publishers. Books designated ESL 
are available at the Engineering Societies Library; 
these and thousands of other technical books may 
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2par MEN tS DY-s! 
OS int lent men shioselt gee! artificial ad 
ards. 
A personnel department would not have. 
troubled itself to list the names of Alexander 


information for 
the books. All inquiries Peaeag 
any book reviewed in these colum 
addressed to the publisher of the boo! 


High-Frequency Induction Heating. By 
F. W. Curtis. McGraw-Hill Book Company, 
Inc., New York, N. Y., and London, England, 


1944. 235 pages, illustrated, 81/2 by SY 


inches, cloth, $2.75. (ESL.) 

The industrial applications of induction 
heating are explained. Heating procedures 
and principles and the constructional fea- 
tures ef industrial heating coils are described 
in detail, and fixture design and process 
handling equipment are outlined broadly. 


- States. 


The book is intended to simplify the applica- © 


tion of induction heating and to assist in the 
installation of equipment for specific opera- 
tions. ~ 2 


Partial Differential Equations of Mathe- 
matical Physics. By H. Bateman. Dover 
Publications, New York, N. Y., 1944. 522 
pages, illustrated, 91/: by 6 inches, fabrikoid, 
$3.95. (ESL.) 

Methods are presented for solving bound- 
ary-value problems of mathematical physics 
by means of definite analytical expressions. 
The work is restricted to partial differential 
equations, with only brief mention of the 
Heaviside calculus and the theory of integral 
equations. The book contains a wide range 
of representative problems and nearly 1,200 
references to classical and contemporary 
literature. It is intended as both a text and 
reference work for mathematicians and 
physicists and aeronautical, electrical, and 
mechanical engineers. 


Aircraft Vibration and Flutter. By C. R. 
Freberg and E. N. Kemler. John Wiley and 
Sons, Inc., New York, N. Y.; Chapman and 
Hall, London, England, 1944. 214 pages, 
illustrated, 8!/2 by 51/2 inches, cloth, $3. 
(ESL.) 

In nontechnical language, with a minimum 
of mathematics, this book explains the funda- 
mentals and general phases of vibration and 
flutter affecting both stationary-wing and ro- 
tating-wing aircraft. ‘The material is ar- 
ranged to give practical aid in problems of 
aircraft testing and analysis. Engine isola- 
tion and soundproofing are dealt with in an 
early chapter. There is a bibliography. 


Commercial Waxes. A symposium and 
compilation edited by H. Bennett. Chemical 
Publishing Company, Brooklyn, N. Y., 1944. 
583 pages, illustrated, 83/, by 51/2 inches, 
cloth, $11. (ESL.) 

All classes of waxes, such as mineral, vege- 
table, animal, insect, synthetic, and com- 
pounded waxes are discussed in detail. Full 
particulars are given concerning physical 
properties, sources, and uses. Wax tech- 
nology and the handling and compounding 
of waxes are described. A glossary is in- 
cluded, and an extensive section gives for- 
mulas of commercial materials containing 
waxes, such as adhesives, construction ma- 
terials, coatings, soap, and cleaners. 


Modern Synthetic Rubbers. By H. Bar- 
ron. Second edition revised and enlarged. 
D. Van Nostrand Company, Inc., New 


Of Current Interest 


iets 
edition has been 
account of developments | 
cially those resulting | from ) 


tionary of ieteces Tere By . : 
ralles. McGraw-Hill Book Company, 
New York, N. Y., and ‘London, Eng 
1944. 131 pages, n /2 by 5 inches, fabrik 
$2.50. (ESL.) 


Aviation terms used in Spanish America 


differ considerably from those used in Spain, 
_as more terms have been adopted from th 
‘English language. 
based on usage in South America. 


The Industrial Housekeeping Manu 
By R. F. Vincent. 
stitute, Inc., Deep River, Conn., 1945. 
pages, 51/2 by 8 inches, cloth, $2. 50. 


dressed to building managers, supervisors, — 
and cleaning crew foremen. 


PAMPHLETS eeee 


The following recently issued pamphlets may be ; 


of interest to readers of ‘‘Electrical Engineering.” 
All inquiries should be addressed to the issuers. 


Magnetic Wire Sound Recorder and 
Reproducer. Armour Research Founda- 
tion of Illinois Institute of Technology, 
Chicago 16, Ill. Press Book 1, 53 pages. 


Research, Invention, and Patents. By 
Andrey A. Potter. Industrial Research 
Institute, New York 17, N. Y., 8 pages. 


Lighting Drafting Rooms. Architexts, April 
1945. Holophane Company, Inc., New 
York, N. Y. 


Republic Silicon Steels. Technical bulle- 
tin. Republic Steel Corporation, Cleveland 
1, Ohio. 


Permanent Magnets. Raymond L. San- 
ford. United States Department of Com- 
merce, Washington, D. C., 39 pages. 


Lear Know-How. Lear, Inc., Piqua, Ohio, 
22 pages. 


Radio and Electronic Equipment. Walker- 
Jimieson, Inc., Chicago 12, Ill., 35 pages. 


Wheelco Electronic Controls. 
Instruments Company, Chicago, 
pages. 


Wheelco 
Ill., 12 


Fiberglas. Owens-Corning Fiberglas Cor- 
poration, Toledo, Ohio, 8 pages. 


. Vari-Typer (a new tool for business). Ralph 


C. Coxhead Corporation, New York 14, 
N. Y., 16 pages. 


Selenium Rectifiers. Fansteel Metallurgical 
Corporation, North Chicago, Ill., 12 pages. 
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Evaluation of Electric Distribution Woutes 


in Terms of Generating-Station- 


| Capacity Investment 


M. MORTARA 


J MEMBER AIEE 


LECTRIC distribution losses affect 
the economy of a system 1 in two ways: 
@ by making it necessary to produce, 
over any period of time, in addition to 
the energy required by the load, the 
amount of energy absorbed by the losses 
during that same period, or “energy 
losses’; (6) by requiring, at the time of 
_the peak, the availability of a generating 
capacity which exceeds the simultaneous 
value of total load by the coincident 
amount of power absorbed by the distri- 
bution losses, or ‘‘power losses.’’ These 
two aspects both should be taken into 
‘consideration in planning a new electric 
system or in expanding an existing 
system. 

When the unit cost of energy is known, 
the economic evaluation of factor a re- 
quires only the knowledge of the load 
curve at various times of the year, so that 
the yearly loss of energy may be deter- 
mined with sufficient approximation. 
The economic evaluation of factor }, 
on the other hand, is much less definite, 
because it is affected by multiple and 
sometimes variable conditions, which 
must be properly considered. The pur- 
‘pose of the present paper is to indicate 
the principal among these conditions and 
to outline a procedure for the correct 
economic evaluation of power losses. 


Conditions Affecting the Economic 
Value of Power Losses 


The generation peak of an electric sys- 
tem independent from outside sources of 
power will coincide with the peak load; 
if, furthermore, the power is supplied by 
thermoelectric sources, it will be only 
necessary for the installed generating 
capacity at any time to be sufficient to 


Paper 45-4, recommended by the AIEE committee 


take care of the expected peak load. It is 
obvious that, in a system of this type, a 
reduction of peak power losses would pro- 
duce an equal reduction in the require- 
ments of generating capacity. 

The existence of interconnections with 
other systems capable of supplying en- 
ergy during the period of the yearly 
peak, but not at other times, might 
change that condition, making the genera- 
tion peak coincident with a lower load. 
In this case, the power losses affecting 
the requirements of generating capacity 
will be correspondingly lower, varying 
approximately as the square of the kilo- 
volt-ampere load. A similar effect may 
come from the presence of mixed power 
sources, part thermoelectric and part 
hydroelectric, and conditions may be 
modified further if the hydroelectric 
plants are provided with storage ponds 
or reservoirs, capable of furnishing power 
to cover the daily peak at any time of the 
year. 

It is clear that the economic value of 
peak power losses will be greater for the 
case mentioned first and that it may be- 
come relatively small in some of the other 
cases, where outside or mixed sources of 
power supply are available. 

The cost of installation of new generat- 
ing capacity, which is one of the fac- 
tors determining the worth of power 
losses, is fairly uniform in the various 
stages of development, when a system is 
supplied by thermoelectric stations alone. 
In effect these stations can be built in 
unit sections, and complete new sections 
can be added as required. 

In the case of hydroelectric supply, 


Table | 


Worth of Power Losses 


however, conditions are different, because 
there are certain parts of the plant, in- 
volving a major quota of the total cost, 
which have to be completed initially, re- 
gardless of the amount of generating ca- 
pacity installed. The cost of this latter, 
therefore, will be generally much higher 
in the initial stage of a new project than 
for additions made later in order to reach 
the ultimate capacity for which the plant 
is designed. Another circumstance to be 
considered in the case of hydroelectric 
projects, is that the different and variable 
characteristics of river flow for various 
plants in the same system normally will 
require the total installed capacity to be 
appreciably higher than the generation 
peak. This adds to the difficulty of es- 
tablishing the required time and cost of 
installation of generating units. 

The basic case of an independent ther- 
moelectric system and the procedures for 
approaching the problem in other cases 
are discussed in the following sections. 


Worth of Power Losses in an 
Independent Thermoelectric 
System 


PROCEDURE FOR THE ECONOMIC 
EVALUATION 


The investigation of the problem and 
its solution are to be based upon the es- 
timated effect of a variation of power 
losses on the future requirements of gen- 
erating capacity. The initial step, there- 
fore, will be the determination of a curve 
representing the expected growth of sys- 
tem load, 

Analyses of statistical data of a num- 
ber of public utilities show that the long- 
range trend of the yearly peak load, in a 
system serving a definite area, can be 
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Bede eer oa ea a a 
ft } nee ie 


¢ _ closely Pecresedtted by” a iccesseat of 
segments of logarithmic parabolas or of | 


exponential curves, with time as ex- 
ponent. The latter curves, although 
somewhat less accurate than the former, 
are generally preferred in planning 
studies, having the practical advantage of 


becoming straight lines on semilogarith- 
mic diagrams. 


On any such diagram, the trend curve 

of the peak load will be a polygonal line 
* A composed of rectilinear segments of 
progressively varying slope (see Figure 1). 
_ The equation ofany one of the compo- 
nent segments is of the form 


log P=log Pm+(t—tm) log hm (1) 
where 


t=time in years from the origin 
tm =initial time of the rectilinear portion 
under consideration 
P=peak load at time ¢ 
Py =peak load at timet, — 


hm =factor of growth or ratio pation peaks: 


in two consecutive years (constant for 
the portion of line under considera- 
tion) 


When a,system is designed and de- 
veloped on the basis of constant percent- 
age of peak power losses, the curve rep- 
resenting the generation peak will be 
also a polygonal line B, running above A 


=< 
(o} 
°o 


500 sz 


Pd 


POWER IN PERCENT 


fo) t, 20 ‘ 40 
TIME IN YEARS 
Figure 2. Trend curves of load and genera- 
tion for an independent system, showing effect 
of individual power-loss reduction on genera- 
tion peak 


(Figure 1) at constant vertical distance 
equal to the logarithm of the ratio be- 
tween peak generation and peak load. 

The equation of any rectilinear seg- 
ment of line B is 


log G=log Gn +(t—tm) log hm (2) 


where G and G,, are the values of the 
generation peak at time ¢ and at time #,, 
respectively. 

If the peak power losses are expressed 
as a fraction of the peak load P, and d is 
the ratio between the two, the generation 
peak will be 


G=P+4dP=P(i+d) 


2 TRANSACTIONS 


For! a lower ratio of losses d 


4 


shi generation will be reduce 
’=P(1 +d’) =kG 


where 
1+d’ : 
pfs ees 6) 
k ies (3) 


Over the time interval considered, the 
generation peak of a system having such 
lower loss ratio will be represented by the 
equation: 


log G'=log Gm+(t—tm) log Mm+log k (4) 


_ The representative curve is again a poly- 


gonal line B, located between A and B 
at constant vertical distance from each of 
them (Figure 1). 

The horizontal distance between B and 
B, is equal to the time lag D,, in reaching 
a definite generation peak, caused by the 
power-loss reduction. Its value is con- 
stant during each period of uniform 
growth factor hm, and is obtained from 
equations 2 and 4as 


1 1 
ial Sor anes e 

If system conditions represented by B 
are assumed as basic reference plan, the 
afore-mentioned time lag will furnish the 
elements for determining the worth of 
savings of peak power losses that may 
be obtained by alternate plans. From 
equation 5 it is apparent that, for a defi- 
nite ratio k, the time lag will be greater, 
the lower the rate of growth and vice 
versa. 

To determine the economic value to be 
attributed to a reduction of peak power 
losses, two factors come under considera- 
tion: 


(a). Asnoted before, a lower level of power 
losses causes a deferment D in reaching a 
certain generation peak, in comparison with 
the basic reference plan. This permits 
postponing, for that same interval D, 
the installation of each new generating unit 
and the outlay of fixed charges thereon. 


(b). If W designates the capacity of one 
of the new units to be successively added 
during a period of growth factor h, the time 
T elapsing between unit additions in the 
reference plan, as deduced from equation 2, 
will be 


1 W 
i Heel, log (+2) (6) 


If h and W remain constant while the peak 
G progressively increases, the interval T 
will correspondingly decrease and eventually 
become equal to the deferment interval D. 
This would indicate exactly one unit less to 
be required, at that time, in the lower-loss 
plan; which means that the installation of 
a unit would be saved because of the power- 
loss reduction. This occurrence, however, 
seldom materializes, since it would require 
the difference of power losses between the 
two plans to equal the capacity of a generat- 
ing unit, within the time of ultimate de- 
velopment of the system. In view of the 
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- of fixed charges on each gnereras 


» Consequently it: appears 5 that, in .m 
cases, the worth of power losses 
evaluated solely on the basis of 
that is, the postponement | in t 


of future installation. ~ 
_The money saving effected becails 
such deferment, on each of the u to 
be installed during any period for w cha 
certain value hy, of the growth factor i 


valid, will be | ~~ 
[Wr 1 y 
— =— - l a 
Sa= CW Der. inchs k 


installed capacity, W the capacity of the 
unit in kilowatts, D, the deferment valic 
over that period, and 7 the yearly rate o 
fixed charges (in decimal). The total 
capacity to be installed during the cme 


val under consideration may be assume 
to be equal to the difference between fina 
and initial generation peaks: (Gyr+1— Ga): 
Actually there will be some discrepancy, 
due to the fact that this difference may 
not be a multiple of the proposed capacity 
of generating units, but, over the various 
phases of development of the system 
these discrepancies will compensate. 

The total savings effected by the alter- 
nate plan of lower losses will be the sum- 
mation of the various values of S, or, 
if the index of ultimate development is 


designated by u: 
"Cr(Gnti—Gn) , 1 


ee 1 8 
oy log hn a k ( ) 


In the case under consideration, of uni- 
formly lower percentage of power losses. 
k is constant and the total reduction of 
power losses is (1—k)G,. Therefore, the 
saving per kilowatt of peak power-loss 
reduction, which can be considered as cost 
or worth of such losses, will be 


n=u—l1 


Re S _ 108 1/k Cr(Gnit— Gn) 
(1=—k)G, (1-k)G log hy 


uon=0 


(9 


If the values of (k—1) and (1—) are 
smaller than 0.10 (as they usually will be 
in practice), expression 9 can be simpli 
fied, without appreciable error, as follows 


=u—1 
rae Raed (Bases) 


s=— SR (9’ 
Gy n=0 hn eal! 
Table Il 
Total 

Interval Savings 
Gu=Ganiatis Stove ti ee $ 3,371,251 
Ge Gana chis he clos trod aiee ea coe ee eee 6,503 ,25 
OF Of May Cae ee okt cane Ee st ee 8,834,501 
LOtal sntatacet Se eo ey Eee $18,709,00 
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Uihese eeneaone are valid, as lone” as 
he ultimate reduction of power losses is 
aller than the capacity of the generat- 
unit assumed to be in use at that time, 
‘so that the same number of units is re- 
quired on the alternate as on the reference 
plan of development. If there is elimina- 
tion of one or more units, the correspond- 
ing savings should be adequately taken 
nto account. 
- The value obtained from sees 9 
or 9’ is a weighted average of the costs of 
power losses in the successive phases, 
which vary in connection with the 
rowth factor, as noted before. 

In the preceding discussion, the effect 
of a lower level of power losses uniformly 


x 


J Table III 
- 
: Present Value of Power Losses 
a y b (at Time to) 
Number 
of Unit Equation 17 Equation 17’ 


‘maintained, has been considered; but, 
for the complete solution of the proposed 
problem, it is necessary to investigate the 
effect of an individual reduction of such 
losses. Let it be assumed that in a sys- 
tem, originally designed to follow trend 
line B as shown on Figure 2, developments 
catried out in a certain phase bring down 
the power losses, so as to reduce the gen- 
eration peak at time ¢ from Gp to Gp”. 
The loss reduction of which the effects 
are to be determined is 


g=Go—Go" =(1—k)Go (10) 


If no attempt is made to maintain the 
lower loss level, and the original loss ratio 
represented by line B is adopted again, 
the generation peak at time ¢, when the 
growth factor is h,,, can be derived from 
expressions 2 and 10. Its value G” will 
satisfy the equation: 


log G” =log (6n- i fm) + (tbls hm, 
(11) 


represented by line B,. The ratio be- 


tween G” and Gis 
G" g 


= {, —— 


G G 


and becomes equal to unity only for G 
equal to infinity. The time lag between 
line B, and line B at time ¢ can be deter- 
mined considering that log i, is the tan- 
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cont of the angle of slope of trend line B, 
and that the vertical distance between ie 


two lines is log [G/(G—g)]; consequently, 
their horizontal distance, representing the 
time lag, will be 


(12) 


This equation, with the data applicable © 


at the time of installation of each future 
generating unit, gives the corresponding 
deferment in the outlay of fixed charges 
obtainable by the individual loss reduc- 
tion. For the purpose of the following 
calculations, it can be assumed, without 
appreciable error, that units to be used 
are of uniform capacity, provided this is 
adequately chosen with regard to initial 
and ultimate system peak. If such ca- 
pacity is designated by W and the first 
unit is assumed to be required in the ref- 
erence plan at time fo, the (n+1)th unit 
will be required when the generation peak 
reaches the value (Gg+”W). The cor- 
responding deferment, due to the loss re- 
duction g, will be 


1 1 Gotnw 
33 GotnW—g 


“_ 
n= 


log hyp, 


If equation 10 is taken into account and 
itis posed Go/W= p, the foregoing expres- 
sion becomes 


2 p+n 
. kp-+n 


| a 
n = 


13 
log hn - 


For values of (Am—1) and (1—) smaller - 


than 0.10, this equation can- be simplified 
to 


___ b=®) 
i (hm —1)(n-+kp) 


The effect of the individual loss re- 
duction is still to produce a deferment in 
the installation of new generating units; 
but, over each period of uniform growth, 
the deferment, instead of being constant 
as in the case of uniformly lower loss 


(13’) 


level, has a gradually decreasing length. 


If C is the cost per kilowatt of new in- 
stalled capacity, and 7 the yearly rate of 
fixed charges (in decimal), the money 
saving effected because of such deferment 
on the (n+1)th generating unit, at the 
time this unit 1s required in the reference 
plan B, is 


(Sy”) = CWD,,"r (14) 


To determine the worth of this saving at 
time ft, when the power-loss reduction is 
assumed to obtain, a factor of “‘present 
value” has to be applied to (S,”). This 
factor is 1/(1-+2)™, where 7 is the interest 
rate (in decimal) and ¢, is the time of in- 
stallation of the (n+1)th unit in the ref- 
erence plan, counted in years from %p. 


Therefore, the ‘‘present value’ of the 
saving on the (w+ 1)th unit is 
CWD,,"r 
"= 15 
ea bir se 
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The total economic heneht is by 
the individual loss reduction will be the 
summation of the ‘‘present values’ ap- — 
plicable to each of the ~ generating units — 


necessary to reach the expected ultimate __ 
_ capacity of the system. Consequently, — 


+5 


Ry 
e, 


-s 


this total benefit is given by the expres- — 4 


sion: ' i 
LOW Dae 
n=0 (14-1) . 


SS. Sat 


i > On 
The money saving per kilowatt of peak 
power-loss reduction, which can be con- _ 


a 


Agree tS 


a 


a 


sidered as the cost of such losses, is ob-. 


tained by dividing the foregoing summa- 


tion by the loss reduction (1—k)Go and is 


n=u—-1 


1 CWD,"r 
= ee 16 
(1-B)G fay (+i)! ne 


If the value derived from equations 13 


or 13’ is substituted for D,,”, the fore- — 


going expression can be written 


Lfei coed Cr° ptn 
=——  )) ———_ log 
(l—k)p j=, (141) log hy kp+n 
(17) 
or, in simplified form: 
n=u—1 
yy g (17’) 


(1+7)**(Am — 1) (kp-+n) 


n=0 


The interval /, to elapse for the installa- 


tion of each unit, could be derived from — 


| | 4 
700|—|__| GENERATION [B)| he 4 
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Figure 3. Comparison of two plans of de- 
velopment of an electric system, with different 


percentage of peak power losses 


equation 2 but is more readily and with 
sufficient approximation determined from 
the graphic of trend curve B. This same 
graphic also will indicate the value of the 
growth factor h,, applicable to the various 
units. 

It appears that the worth s is influenced 
both by the percentage of loss reduction, 
which is a function of k and by the size of 
generating unit used for calculations, from 
which p is determined. However, it will 
be found that, with data corresponding to 
practical possibilities, the influence of 
variation of these two factors is very slight 
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and that normally the range of the conse- 
quent variation of s is well below +5 per 
cent of its average. ; 

As a rule, the simplified expression can 
be employed for calculations, and these: 
may be accelerated further by the use of 
simple nomograms, as shown in the fol- 
lowing paragraph. 


PRACTICAL APPLICATION OF THE METHOD 


Examples of application of the method 
will be given, both for the case of compari- 
son of two alternate plans of system de- 
velopment with different level of peak 
power losses and for the case of evalua- 
tion of an individual reduction of peak 
power losses. 


Example 1 


For the former case, curves B and B, 
of Figure 3 will be assumed to represent 
the generation peak of a new independ- 
ent system supplied solely by steam- 
power plants, respectively, in a basic ref- 
erence plan and in an alternate lower-loss 
plan, for the complete period of develop- 
ment. The curve of the peak load is A, 
and the assumed data are: 


initialypeaksloads. mee cisewancion P=100 mw 
Ultimate peak load........... P,=885 mw 
Initial generation peak in the 

reference plan B............ Go =120 mw 
Initial generation peak in the 

alternate plan By........... Go’ =114 mw 
Factor of reduction of 

generation peak......... Go’! /Go=k =0.95 
Factors of growth.....:. Mto=1.08 hy=1.06 


Generation peaks in the reference 
plan B.........G,=260 mw G,=465 mw 
G3;=870 mw G,=1,060 mw 
Ultimate loss reduction 
by alternate plan B,...,(1—k)G,s=53 mw 
Capacity of generating units at 


ultimate development........ W=80 mw 
Yearly rate of fixed charges: 13 
per cent or, in decimal...........7=0.13 


The application of equations 9 and 9’ 
up to the end of successive phases of de- 
velopment gives the results shown in 
Table I (see appendix for detail calcula- 
tions). The error of the simplified equa- 
tion 9’ is —5 per cent and, for a problem 
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of this nature, can be considered of no 
consequence; furthermore, it is on the 
conservative side, so that the use of this 
equation will be admissible in most cases. 

It is apparent that the latest stages of 
development, with low growth factors, 
have the greatest influence on the amount 
of savings, because of the longer defer- 
ment then obtaining for the installation 
of new units. With the data of the ex- 
ample, on the basis of equation 9’ and a 
uniform cost C of $100 per kilowatt of 
new capacity assumed, the estimated 
savings in the various stages would be as 
shown in Table II. Compared with the 
ultimate installation cost of $106,000,000, 
this represents an over-all economy of 
17.6 per cent which, together with the 


. energy savings, might justify the adoption 


of the development plan with lower loss 
level. 


Example 2 


An example of comparison and evalua- 
tion of the individual loss reduction in 
an existing system of the same type as 
the foregoing is shown in the lower part 
of Figure 4, where line B is the trend curve 
of the reference plan and line By is the 
trend curve obtained by an individual 
loss reduction at time tf. The data as- 
sumed for this example are: 


Generation peak at time fp in 


the reference plan. :...')...°. Go =400 mw 
Loss reduction at time fo, in the 

alternate-planvecs a: strate nore g=20 mw 
Generation peak at time fp in 

the alternate plan.......... Go” =380 mw 
Factor of reduction of generation 

peak at time f........ Go" /Go=k =0.95 


Capacity of generating units.... V=80 mw 
Ratio of initial generation 


peak to unit capacity....... Go/W=p=5 
Rate of interest: 6 per cent or, in 

decinial./. 20) 2eAt... Ieee 1=0.06 
Yearly rate of fixed charges: 13 

per cent; or/in decimal), 917. 22.87 r=0.13 
Factors of 


growth...../0=1.05; 4, =1.04; he=1.019 
Ultimate generation peak 


in the reference plan....... G3=1,280 mw 
Total number of units of capacity 
W to bexnstalled@ tee ee uw=11 
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Figure 4. Comparison of two plans of de- 
velopment of an electric system, following an 
individual reduction of peak power losses 
For the determination of factor 1+ | 
(1+7) appearing in equations 17 and 
17’, the graphics of Figure 4 can be em- 
ployed as follows: a vertical line is drawn 
from the point representing the (m+ 1)th 
unit on trend curve (B), to the straight 
radial line in the upper chart, labeled 
with the rate of interest to be used. The 
ordinate of the point of intersection, read 
on the scale at the left side of the chart, 
gives directly the value of 1/(1+7)’ ap- 
plicable to that, unit. | 

The partial values of power losses cal- 
culated by the two equations are given 
in Table III, which shows that the results. 
of the exact formula 17 are practically 
identical to those of the simplified formula 
17’. This latter will be used preferably, 
because it is of easier application, and 
calculations of its terms can be acceler- 
ated further by the use of nomogram Fig- 
ure 5, which gives the value of factor 
1/(h—1)(kp-+n), as explained in the 
note on the figure. Detail calculations 
are given in the appendix. 

If C is assumed to remain constant, the 
summation of the foregoing partial values 
gives s=2.17 C, but there is a considera- 
ble influence of the rate of interest upon 
this value. If the rate, instead of being 
six per cent as used in the preceding ex- 
ample, is eight per cent, the value of s is 
lowered to 1.83 C, a reduction of approxi- 
mately sixteen per cent. 

It may be observed that all values ot 
peak power losses calculated are greatet 
than the capital cost C of new gener. 
ating capacity, contrary to assumptions 
frequently made. 
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Nomogram for calculation of term 


Figure 5. 
1/(h—1)(kp-+tn) in equation 17’ 


Given the quantities h, k, p, and n, draw a 
straight line from the value of kp on the scale 
so labeled to m on its own scale. Transfer 
the reading thus obtained on auxiliary scale A 
to auxiliary scale A’, as shown by dotted line, 


-and draw a straight line from this point to the 


The 


point representing h on its own scale. 


intersection of this line with the scale labeled 


1/Ch—1X(kp-++n) gives the requested quantity 


A comparison between the economic 
value of an individual reduction of peak 
power losses and that of the correspond- 
ing reduction of energy losses will be in- 
teresting. The 20-megawatt reduction 
of the example can be assumed to reduce 
the annual energy losses by 50,000,000 
kilowatt-hours: if the cost of energy is 
three mils per kilowatt-hour, the conse- 
quent money saving will be $150,000 per 
year, which, capitalized up to the time of 
ultimate development on the basis of the 
same interest rate of six per cent used pre- 
viously, has a present value of $2,100,000. 
On the other hand, if it is assumed that 


‘the capital cost of new generating ca- 


pacity C is $100 per kilowatt, the present 
value of the savings due to the reduction 
of peak power losses by 20,000 kw, is 
$4,340,000, or slightly more than twice 
the value of energy losses. Such ratio is 
almost unaffected by the rate of interest. 


Outline of Procedure for the 
Economic Evaluation of Power 
Losses in Systems of Other Types 


INDEPENDENT HYDROELECTRIC SYSTEMS 


When the sources of power of a system 
consist solely of hydroelectric plants, 
these necessarily will include large reser- 
voirs to permit regulation of the total out- 
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put at any time, in accordance with load 
requirements. Unregulated plants usu- 
ally will have installed capacity adequate 
to utilize such high flow as economically 
convenient, while regulated plants will 
have enough capacity to take care of the 
total load at the time of the lowest output 
of the former. Whether such condition 
is coincident with the yearly peak load or 
not, it will be found that, generally, the 
regulated plants are called upon to pro- 
vide part of the generation to cover this 
peak, in years of low flow. 

In such a system, the needs of new ca- 
pacity will involve periodical construction 
of entirely new projects and their trans- 
mission facilities, with a possible gradua- 
tion in the number of units and transmis- 
sion lines installed. The time when each 
new project and its eventual comple- 
mentary additions shall be ready for 
service in the basic reference plan will be 
derived from a trend curve of the genera- 
tion peak similar to B on Figures 3 and 4. 
The deferments obtainable in the con- 
struction of the various projects, by re- 
duction of peak power losses, then are de- 
termined, either by formula 12 or by 
formulas 13 and 13’, according to the 
proposed problem. On the basis of these 
deferments, the corresponding savings of 
fixed charges and their accrued or present 
value can be calculated, as required. 

It should be noted that the capacity to 
be assigned to each hydroelectric plant is 
the net capacity available at the load 
centers, after deduction of transmission 
losses. The economy of the latter con- 
stitutes a separate problem from that of 
distribution losses. 


INDEPENDENT SYSTEMS WITH COMBINED 
GENERATION 
In a system where thermoelectric and 
hydroelectric generation are combined, 
conditions may vary widely, in connec- 
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tion with the relative importance of the 


two sources of supply. 


When thermoelectric plants are only | 
for stand-by purpose, their capacity 


will not be affected appreciably, as a rule, 


_ by possible reduction of power losses. 


Therefore, the procedure for determining 
the worth of peak power losses will be the 


same as previously outlined for a purely — 


hydroelectric system. ; 
On the other hand, if the two sources of 

supply are of approximately equivalent 

importance, the plan of development will 


call for alternate construction of either — 


type of plant, and the methods of evalua- 
tion will be a combination of those al- 
ready discussed. 

A situation which may be encountered 
is that of a system having part of its sup- 
ply provided by hydroelectric plants of 
fixed firm capacity, with no possibility 
or convenience of expansion and its main 
supply provided by thermoelectric sta- 
tions. 
mated ‘firm availability of hydroelectric 
power at the time of the yearly peak load 
and a minimum availability at the time of 
low flow, whenever the two conditions do 
not coincide. 

Trend curves of the load and total gen- 
eration should be plotted for these two 
conditions, and then the corresponding 
values of the hydroelectric contribution 
should be deducted from total generation, 
to obtain the trend curve of thermoelec- 
tric generation alone. The condition 
requiring higher values for this latter, 
will be selected for the application of the 
method previously discussed. 

The segments of the trend line of the 
peak generation thus obtained are not, 
theoretically, rectilinear, but they can be 
considered as such without appreciable 
error. The value of the growth factor 
hm’ applicable to a segment between time 
tm and time t+, is given by the relation: 


1 Gat A a Ge 
log 
Gm—Ge 
where G,, and G41 represent total geti- 
eration and G, the fixed value of firm Py- 


droelectric generation. ; 
In this case, since the hydroelectiic 


1osth a 
Me tm+i—tm 


In this case there will be an esti- — 


portion of generation is not affected by™ 


eventual reduction of power losses, in or- 
der to simplify calculations, the factor k 
by which the ratio of reduction is meas- 
ured, should be referred to thermoelectric 
generation alone. The trend curves of 
peak thermoelectric generation in alter- 
nate plans, having lower loss level or in- 
volving an individual loss reduction, then 
will be obtained from the analogous 
trend curve representing the basic refer- 
ence plan, with the procedure previously 
explained. 

If thermoelectric generation peak and 
peak load coincide, the method for eco- 
nomic evaluation of peak power losses is 
exactly the same as described in the 
examples. In the other alternative, how- 
ever, that the two peaks do not coincide, 
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pet, aes, ant : 
‘the following rmodiieations are neces- 
sary: 
(a). The power losses, to be deducted to 
obtain the trend curves of alternate plans, 
are only a fraction of the peak power losses. 
Namely, if g designates the ratio between 


the kilovolt-ampere values of the loads at 
the time of greatest thermoelectric genera- 


tion and at the time of the yearly peak load, 
the ratio of the corresponding losses may be 
estimated to be very approximately q?. 
For definite system characteristics, this ratio 
will be subject to minor variations over the 
whole period of development, so that it may 
be assumed to remain constant; conse- 
quently, if w and w, are those two losses, 
it will be 


W=Q'Wy . 


MOF 


(b). If peak power losses are reduced, so as 
to obtain a constant ratio of reduction of 


RS total peak generation, the ratio of reduction 


‘applicable to the case under consideration ~ 
will not be constant. Its average value ap- 


generating capacity 
that due to certain condition 


bined hydro- and thermoelectric genera- 
tion, analyzed in the preceding ‘para- 


graph Therefore, the worth of peak 
power losses can be determined following 
procedures outlined there. 


For other more complex situations | 


that might be encountered, a similar analy- 
sis of the problem will indicate how the 
basic method developed should be modi- 
fied. — 


Conclusions 


The economic value of power losses co- 
incident with peak generation in an elec- 
tric distribution system, is determined by 
system characteristics, setup, and rate of 
growth. This value can be calculated by 
the methods proposed in the present pa- 
per, thus furnishing the means for com- 
paring various plans of development. 
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plicable to any segment of the trend curve 
will have to be calculated on the basis of 
power losses, and used in the formulas 
where it appears. 

After the worth s; of power losses has 
teen determined by application of the 
pt-oper equations, the value s valid for the 
C@rresponding peak power losses will be 
derived from the relation: 


“S=g%s, 

Since factor g is smaller than unity, it is 
evident that the worth of peak power losses 
may be reduced appreciably when there is 
no coincidence between yearly peak load 


and highest requirement of thermoelectric 
generation. 


INTERCONNECTED SYSTEMS 


Interconnected systems may belong to 
any of the types previously described, 
and the possibility of drawing power 
from interconnections will add a new ele- 
ment modifying the requirements of gen- 
erating capacity within the system. 

Power supply by interconnections may 
be divided broadly into two categories: 
firm and surplus (or secondary). The 
influence of each category upon system 
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As in all problems of this nature, the 
mathematical solution is based on some 
simplified theoretical assumptions, from 
which actual conditions may more or less 
diverge. Such divergences can affect in a 
certain measure the absolute accuracy of 
the results, but, for the purpose of com- 
parison, they will have, as a rule, negli- 
gible influence. 

The worth of power ones is comparable 
to and in particular cases may be appre- 
ciably above that of the consequent en- 
ergy losses. 


Appendix. Calculations of Worth 
of Power Losses for the Illustrative 
Examples 


Detail Calculations for Example 1 


1. By equation 9: 


log 1/k dee 
(1—k)G 


Gnti- Gn 
log hy, 


S=— Cr 


4. nied 


If the foregoing expression is written for 
the three intervals considered in the ex- 
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log 1.06 , 
Interval Gp to G3 
: log 1/005 (Gi=Go. : 
s=CX0.13X 4h 95) Ae 7m 
A G2— “Gi Ge 
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=CX0.13X 


0.02228 / 260—120 
0.05 X870\ log 1.08 
465—260 | 870—465)\ _ 
log 1.06 log 1.04 
Interval Gy to Gs 
(1—0.95)G4\ log hg 
Go—G , G3—Ge 
log i log he : 
0.02228 /260—120 4) 
0.05X1,060\ log 1.08 *| 
— —4 1,060—870 . 
465—260 870—465 1,060 =3.72¢ 
log 1.06 log 1.04 log 1.014 


s=CX0.13X 


G4—G3 
log hz / 


=CX0.13X 


2. By equation 9’: | 
Cree Get Gy 


Gu axial : 


By analogous procedure as in the foregoing 
it is found: 
Interval Gp to G2 


0.18/Gi—Go Go—G; 

rs a(a3 b a3) 

__.,0.18/ 260-120 465-260 caee 
vu 485 \ 08th E06 Bee 


Se 


Interval Gp to G3 


0.18/Gi—Go , Ga—Gi _ Ga— Gr 
sncxtar| Soo at aie ) 
__.,0.18/ 260-120 , 465—260 
x al 1.08—1°' 1.06—1 
870—465 
es ae )=2.207¢ 
Interval Gp to G, 
0.138/Gi—Go . Ga—-Gy 
aes e(e8 Ii—1 
G3—G2  Gs—Gs 
Ge) 
_ 4c, 0.18 (260-120 465-260 
id mal 1.08-1 ° 1.06-1 
870—465  1,060—870 
1,041 rTy 73s 


The total savings applicable to each of th 
three intervals, on the basis of a uniforn 
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UBSTITUTION of variables (voltage, 
current, impedance, and so forth) 
i order to simplify solution of problems 
on polyphase networks is a well-estab- 
lished practice. A polyphase network 
may be regarded as several single-phase 
; etworks which are coupled to one 
another in many places and all of which 
contain power sources. Simplification 
of network problems results from the re- 
placement of the original phase net- 
works by an equal number of single- 
phase substitute networks which are not 
coupled to one another or are coupled 
in fewer places or in a simpler manner 
than the phase networks, and which, pref- 
erably, have fewer power sources. In 
these substitute networks, the substitute 
currents and voltages exist. 
_ Three-phase networks, because of their 
importance, have been given the most 
attention. The best-known and most 
widely used substitution is that of sym- 
metrical components of a three-phase 
network, introduced by C. L. Fortescue! 
in 1918, and applied to many practical 
problems since that time.2 The method 
of symmetrical components has the follow- 
ing useful properties: 


1. The substitute networks (also called 
‘sequence networks) are independent of one 
another in all branches, including rotating 
machines, for which the three-phase net- 
work is balanced. 

2. Certain unbalances, notably, short cir- 
cuits, result in simple types of coupling be- 
tween the sequence networks. 
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av Normally only the positive-sequence 
network contains power sources. 


A disadvantage of symmetrical com- 
ponents is that unbalances which are not 
symmetrical with respect to phase a of 
the three-phase network produce nonre- 
ciprocal coupling between the sequence 
networks. This type of coupling is 
difficult to represent on a calculating 
board. 

Another useful substitution applicable 
to problems in three-phase networks is 
one called a, 8, 0 components*® or two- 
phase co-ordinates.4 It has the following 
properties: 

1. The substitute networks are independ- 
ent of one another in all branches for which 
the three-phase network is balanced, except 
in rotating machines. They are independent 
also in rotating machines if the positive- and 
negative-sequence impedances of the ma- 
chines are equal or are assumed to be equal. 


2. Furthermore, one of the networks is 
independent of the other two for all un- 
balances which are symmetrical with respect 
to phase a, such, for example, as open-delta 
or 7Z-connected transformers and simple 
short circuits. 


Paper 45-1, recommended by the AIEE committee 
on basic sciences for presentation at the AIEE 
winter technical meeting, New York, N. Y., 
January 22-26, 1945. Manuscript submitted June 
1, 1944; made available for printing November 2, 
1944, 
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fessor of electrical communications. 
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ing machines, in the three-phase network 
‘give reciprocal coupling between substitute. = 
networks. (eo 


Fortescue! stated the general prin- a 
ciples of analysis of polyphase nether yf 
of any number of phases by means of _ 
symmetrical components. The proper- | sf 
ties of n-phase symmetrical components 
are similar to those stated previously for 4 
three phases. A recent paper by Boya-_ Ts. 
jian® treats the analysis of four-phase ei 
networks by means of symmetrical com- 
ponents and gives equivalent circuits 
for several types of unbalance, including _ 
single-phase loads connected from line 
to neutral and from line to line. ed 
The present paper describes a new — 
method of analysis of four-phase net- 
works, for which the name two-phase co- 
ordinates is proposed. In this methoda 
four-phase five-wire network is regarded 
as two single-phase three-wire networks 
with common neutral. Each of these two 
networks is then replaced by its sym- 
metrical-component networks, as de- 
scribed in the following. The properties 
of the resulting substitute variables are | 
much like those listed previously for 


A B 
Figure 1. Symmetrical sets of current or volt- 


age vectors of a single-phase three-wire 
system 


A 


cost C of $100 per kilowatt of new capacity, 
are determined as follows: 
Interval Ga—G2 Total loss reduction: 


(1—k)G2=0.05 X 465 = 23.25 megawatts 
Total savings: 
1.45 X 100 X 23,250 = $3,371,250 
Interval Gy—G; Total loss reduction: 
(1—k)G;=0.05 X 870 =43.5 megawatts 
Total savings: 
2.27 X 100 X 43,500 = $9,874,500 
Interval Gyp—G, Total loss reduction: 
(1—k)G,=0.05 X 1,060 = 53.0 megawatts 
Total savings: 
3.53 X 100 X 53,000 = $18,709,000 


The partial savings in the various stages of 
development are obtained as difference of 
the totals given. 
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Detail Calculations for Example 2 


1. By equation 17: 
n=u—1 


iP a0: Se 1 p+n 
(—b)p 4 A+ log hin 8 kptn 


The values of the component factors of the 
terms under summation sign, for each of the 
11 units to be installed, are givenin Table IV, 
taking into account that k=0.95 and p=5. 
The product of the factors of columns a, b, 
and c gives the individual summation terms. 
The time of installation of each unit, as 
well as the factor of present value, were 
derived from the graphics of Figure 4, taking 
into account that time-¢, is measured as- 
suming % as origin. The worth of power 
losses applicable to each generating unit, 
given in Table III, is derived multiplying 
the individual values of column d by the 
factor: 


t Zz] 0.13 
(1—k)p (1-095) 5 


C=0.52C 


and is valid for the rate of interest six per 
cent. The total worth for the rate of interest 
eight per cent also mentioned in the example 
is obtained as product of the summation of 
column e by the same factor 0.52 C. 

2. By equation 17’ 


n=u—1 
1 


OF aaah OPER) 


By similar procedure as previously ex- 
plained, Table V can be established. 

The worth of power losses applicable to 
each generating unit, given in Table III, 
is derived multiplying the individual values 
of column d by the factor: 


Cr=0:13C 
and is valid for the rate of interest six per 
cent. There is practical coincidence of the 


values of power losses obtained by equations 
17 and 17’. 
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Seoeetiad. co- SEES of a three- phase 
mutual impedance IZ mh fo 


ages, in terms of the phase cuneate and, : A cnet ey 


network. 


Symmetrical Components of a 
Single-Phase Three-Wire 
Network 


CURRENTS AND VOLTAGES 


A symmetrical n-phase system has n 
voltages equal in magnitude and spaced 
360°/n apart in phase. If 7 equals 2, the 
result is not a two-phase system, in the 
usual sense of that term, but-rather a 
single-phase three-wire system. The 
characteristic. angle is 360°/2=180°. 
The two symmetrical sets of current or 
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Figure 2. Connections of the sequence net- 
works corresponding to four types of short 
circuit on a single-phase three-wire network 


voltage vectors are shown in Figure 1: 
the zero-order set, differing in phase by 
0X180°=0; and the first-order set, 
differing by 1X180°=180°. Zero-order 
currents are equal and in phase in the two 
outer wires, and return in the neutral 
wire or in the earth. They result from 
unbalanced line-to-neutral load or line- 
to-ground short circuits. First-order 
currents are equal and opposite in the 
two outer wires. They result from line- 
to-line loads or short circuits. The 
phase currents J, and J, in the outer 
conductors are given in terms of their 
symmetrical components Jy and J; by 
the following equations: 


Tqg=lo+h (1) 
Thh=h—-h (2) 
The inverse equations are: 

Io= (Ia+Iy)/2 (3) 
T,=(a—-Tp)/2 (4) 
Similar equations hold for voltages. 


IMPEDANCES 


Consider a circuit element, such as a 
transformer or line, for which the two 
phases, each consisting of an outer con- 
ductor with neutral or ground return, 
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iota aan WT: ~— oo ee 


1 Oe ae 
gave equal self 


impedances, are: 


Ve=Z,10+Zale (5) 


Vy= ZmlatZ sly : (6) 
The symmetrical components of voltage 
are: . 

= (Vat Vs)/2 | 

=(2st+2Zm) LatIy)/2=Zolo (7) 
Vi=(Va—Vy)/2 

=(Zs—2Zm) Ja —Lp) /2 = Zh (8) 


where Z29>=Z;+Zm and Z;=Z;—Zm. For 
circuits of the type described, the two 
substitute circuits are independent. 
That, of course, is the advantage of the 
substitution. 


SHORT CIRCUITS / 


There are four different types of short 
circuit on a single-phase three-wire cir- 
cuit, as shown in Figure 2. The equiva- 
lent connections between substitute net- 
works are also shown there. 


TRANSFORMERS 


The zero-order equivalent circuits of 
several transformer connections are shown 
in Figure 3. The zero-order impedance of 
a winding is measured by applying single- 
phase voltage from the two outer ter- 
minals, joined together, to the neutral 
tap, and by taking the ratio of applied 
voltage to the current in half the winding. 
The first-order circuit is the same for all 
the connections shown; it is the ordinary 
equivalent circuit of a transformer. 


Four-Phase Networks 


CURRENTS AND VOLTAGES 


A four-phase network may be regarded 
as two single-phase three-wire networks, 
with the normal currents and voltages of 
one in quadrature with those of the 
other; and the substitutions described 
previously for such networks may be ap- 
plied to each. The substitute currents 
(denoted by subscripts 4, 5, 6, 7) ex- 
pressed in terms of phase currents (a, 
b, c, d) are then as follows: 


I,= (Ig+I;) /2 (9) 
Tee (lal ie (10) 

= (I, +Ja)/2 (11) 
I, = (I, —Ig)/2 (12) 


The inverse equations are: 


Tq =Is+1; (13) 
Te ale (14) 
jAeat eee os (15) 
Ig=I,— (16) 
Similar equations hold for voltages. The 


computation required to go from phase 


Kimbark—Two-Phase Co-ordinates of Four-Phase Network 


Usually a four-pl se 1 etwor 
from two transformers, the | 
of which are joined. ‘When the s iis 
tution of variables, described by eq 
tions 9 to 16, is used, the two sub 
networks of each transformer are inde 
pendent, just as they are for one trans 
former on a single- phase three-wire sys 
tem. Furthermore, the two transfc mers 
are independent of each other. Th re 
fore, the substitution is suitable even i 
the two transformers of a bank differ ir 
impedance, ratio, or both. If the trans 
formers are Scott-connected, two-phas 
co-ordinates may be used for circuits ot 
the three-phase side.4 


SHORT CIRCUITS ON A FOUR-PHASE 
NETWORK 


There are 16 different pes of short cir. 
cuit on a four-phase network, mie 
double short circuits. These are listec 
in Figure 4, together with the equivalen 
connections between networks of four- 
phase symmetrical components. In Fig. 
ure 5 are shown the equivalent connec- 
tions between substitute networks of 
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Figure 3. Zero-order wrokcquivelsetie a circuits of 
single-phase transformers 


TRANSFORMER 


OPEN OPEN 


two-phase co-ordinates. In many cases 
the connections are simpler in the latter 
system than in the former. However, it 
should be remembered that both net- 
works 5 and 7 contain generated electro- 
motive forces (normally in quadrature). 
whereas, in symmetrical components 
only the positive-sequence network (num- 
ber 1) has them. 


MOopIFrIED SYMMETRICAL COMPONENTS 


It is a familiar fact in symmetrica! 
components of a three-phase system that 
the equations and the equivalent circuits 
of faults or other unbalances are simplest 
if the unbalance is symmetrical with 
respect to the reference phase (phase a). 
For example, a line-to-line short circuit 
is usually assumed to be on phases b and 
c for this reason. Otherwise, phase 
shifts would be required in the con- 
nections between sequence networks 
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‘igure 4. Connections of the sequence net- 
vorks corresponding to 16 types of short 
circuit on a four-phase network 
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Figure 5. Connections of the substitute net- 


works of two-phase co-ordinates corresponding 
to 16 types of short circuit on a four-phase 
network 


» ti a four-phase system some faults are 


symmetrical with respect to phase a, 
but there are others, such as a short cir- 


cuit between adjacent lines, which can- 


not be made so. Most such faults, how- 
ever, are symmetrical about an axis mid- 
way between two phases. The following 
modified symmetrical components have 


the reference phase midway between 


phases a and b: | 
To = UatIy+Ie+Ia)/4 
Ty! = (Iq/— 45° +1,/45° +1,/135°+ 
. Iq/—185°)/4 (18) 
Th! = (Ig/—90°+1,/90°+1,/—90°+ 
Ta/90°)/4 (19) 
Ts! = (Ig/ —185°+1,/135°+1,/45°+ 
Iq/—45°)/4 (20) 
The inverse equations are: 


Tq=Ip+h'/45° +12'/90°+-1'/135° (21) 


(17) 


Ty =Iot+h'/—45°+12'/—90°+15'/—135° 


(22) 
I,=Ip+h'/ — 185° +12'/90°+15’/ =45° 

(23) 
Tqg=Ip+h'/135° +12'/ —90°+13'/45° 

(24) 


The modified symmetrical components 
are used in those parts of Figure 4 where 
the four-phase networks are indicated 
by squares with vertical and horizontal 
sides; regular symmetrical components 
are used where the networks are indicated 
by squares with sloping sides. 

The unbalance shown in part 16 of 
Figure 4 does not have either type of 
symmetry. Consequently, the connec- 
tion made between sequence networks 
for representing this unbalance requires 
transformers of complex ratio. When 
two-phase co-ordinates are used, how- 
ever, none of the connections between 
substitute networks require such trans- 
formers. 
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HE FIRST SECTION of the long- 
planned Chicago subway was opened 
to the public October 17, 1943. The sec- 
tion of subway which now isin daily opera 


tion “extends along State Street and is 


4.9 miles in length. This is but the first 
step in a program which ultimately may 
comprise as much as 50 miles of subway 
in the city of Chicago. 

- The necesssity of having the complete 
electric system under the control of a 
single operator resulted in the applica- 
tion of supervisory- -control equipment, 
The supervisory- -control dispatching-of- 
fice equipment is located in the Chicago 
Rapid Transit Company office on the 
12th floor of the Edison Building in down- 
town Chicago. Remote-station super- 
visory-control equipment is located at 


eight control centers in the subway. 


Figure 1 shows the location of the dis- 
patching office with respect to the eight 
control centers. The Visicode type of su- 
pervisory-control equipment which was 
applied operates over a single pair of 
wires between the dispatching office and 
each of the remote controlcenters. There 
is also a pair of spare line wires for the 
control centers located north of the dis- 
patcher’s office and another pair for the 
centers south of the dispatcher’s office. 
At each control center there is a toggle 
switch which is used to connect that cen- 
ter to the normal or the spare line. 

The electric distribution system for 
the subway is shown in Figure 2. It 
will be noted from this figure that trac- 


_ tion power is fed directly to the subway 


from three Commonwealth- Edison Com- 
pany substations, namely, South State, 
East Lake, and Sedgwick, and in addi- 


Table I. Operations Performed by the Super- 
visory Control Equipment at a Typical Control 
Center 


— 3 


Supervise low battery voltage, battery ground, and 
line wire ground. 


Control and supervise four circuit breakers in the 
control center. 


Control and supervise station fans, low-speed for- 
ward, high-speed forward, and high-speed reverse. 


Control and supervise five reclosing circuit breakers 
at a Commonwealth Edison Company substation. 


Supervise normal- and emergency-service feeder 
voltage at each of two a-c switchboard rooms. 


Supervise high-water and motor-overload trip at each 
of two pump rooms. 


Control and supervise tunnel-fan high speed and 
tunnel-fan low speed or ventilating-louvre positions. 


The supervisory control equipment provides space 
and wiring for the addition of seven future functions. 
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tion power is fed from the distribution 
system of the elevated lines by means of 
remotely controlled circuit breakers lo- 
cated at the extremities of the subway 
where track connections are made with 
the elevated lines. In some cases, these 
circuit breakers are located right at the 
control center, whereas in other cases the 
breakers are remotely located from the 
control center and are controlled and 
supervised by a direct-wire extension 
from the nearest control center. 


Table I gives a complete list of all the 


various functions performed at a typical 
control center. It will be noted from this 
tabulation that the supervisory-control 
equipment controls and supervises the 
position of ventilating fans throughout 
the subway and supervises the position of 
other devices in addition to providing 
control and supervision of the circuit 
breakers. 


Operation of Supervisory 
Equipment 


Visicode supervisory-control equipment 
is operated from 48-volt batteries. Bat- 
teries are used so that the supervisory- 
control equipment is available for opera- 
tion even when no a-c power is available. 
Two number 14 wires are used between 
the dispatching office and each remote 
control center for operation of the su- 
pervisory-control equipment. 

The supervisory equipment operates 
by means of coded d-c impulses. Each 
unit controlled has a particular code 
associated with it. In case of a selection 
initiated by the dispatcher, the associ- 
ated code is sent to the remote control 
center, from where the selected relay 
returns a duplicate code, as a check, to the 
dispatching office. When the check code 
is received at the dispatching office, the 
associated selection lamp on the control 
desk, as well as that on the diagram board, 
is lighted. The returned check code must 
agree exactly with the code initially sent 
out or no further operation is possible. 
Thus the selection of a particular unit is 
positively checked before it is possible to 


Paper 45-7, recommended by the AIEE committee 
on automatic stations for presentation at the AIEE 
winter technical meeting, New York, N. Y., Janu- 
ary 22-26, 1945. Manuscript submitted Septem- 
ber 20, 1944; made available for printing November 
9, 1944. 
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ea causing , it to iene ; 
breaker changes position, it pai Wed 
sending of a supervision code to the i 
patching office, changing the red, green, 
or amber lamp indication to correspond, 

An automatic operation is reported in 
similar fashion. When a circuit breaker 
trips automatically, its auxiliary switch 
causes its selecting code to be transmitted 
to the dispatching office and the alarm 
bell to be sounded. The office relay re- 
turns the check code to the remote con- 
trol center, which immediately sends in 
the supervision code corresponding to the 
tripped position of the breaker. The 
green lamp on the diagram board flashes 
to indicate to the dispatcher that that 
particular unit changed position. This 
fact is also denoted by the flashing of a) 
white-with-black-dot disagreement lamp 
on the control desk. The dispatcher can: 
then immediately select and reclose the 
breaker should he so desire. 

Visicode supervisory control is an all- 
relay system composed of simple me- 
chanically uniform telephone relays, 


which send and receive the various selec- 


tion and control codes at approximately 
14impulses persecond. Each selection is 
automatically checked and the control is. 
inherently antipumping. The coded- 
operation control which is used provides 
protection against the possibility of false 
operation of any apparatus due to for- 
eign voltages on the line wires. 


New Features 


This particular installation has several 
new features which have not been used 
on previous supervisory-control instal- 
lations. These are: the amber-lamp indi- 
cation, the blinking-lamp indication, and 
the supervision of the direct-wire exten- 
sions from the control centers. 

A description of these features is in- 
cluded in the two following sections. 


Dispatching Office Supervisory 
Control Equipment 


In the dispatching office on the 12tt 
floor of the Edison Building, there is < 
control desk on which is mounted all o: 
the necessary control keys and pust 
buttons for controlling all of the appara. 
tus in the eight remote control centers. 

A diagram board with indicating lamp: 
to designate the positions of the variou: 
devices supervised is located behind th 
control desk in a position to be viewec 
readily by the dispatcher. Figure ; 
shows the control desk and the diagran 
board for the State Street subway. 
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The supervisory-control dispatching- 
office relay equipment is mounted in 
cases on the swinging panels of cabinets 
behind the diagram board. 

The control desk is divided into eight 
sections corresponding to the eight con- 
trol centers remotely controlled. There 
is a molded control-key plate or escutch- 
eon for each piece of apparatus remotely 
controlled. There is space in each of the 
eight control-center sections of the control 
desk for mounting 24 of these control es- 
cutcheons. For the positions not now 
equipped there are molded blank plates. 
Wiring is installed in the control desk for 
all positions so an added function can be 
provided readily by replacing a blank © 
plate with a control escutcheon. 

Figure 4 shows a supervisory-control 
relay and a control-desk escutcheon. It 
will be noted that the escutcheon is 
equipped with a push-type selection key, 
a twist-type control key, a small white 
lamp, and a small white-with-black-dot 
lamp, as well as with two engraved name 
plates. 

The small white lamp is the selection 
lamp. It is used to inform the dis- 
patcher that the supervisory-control 
equipment has completed the selection 
of that particular unit and that the equip- 
ment is ready for further operation. 

The white-with-black-dot lamp is the 
disagreement lamp which is used to indi- 
cate to the dispatcher that the setting of 
the individual twist-type control key 
disagrees with the position of the ap- 
paratus unit at the control center. For 
example, assume that the dispatcher has 
operated the individual twist-type con- 
trol key to the ‘‘close’”’ position and has 
closed a circuit breaker and this breaker 
opens due to the operation of protective 
devices at the remote control center. 
The disagreement lamp will then be 
lighted in addition to the green supervi- 
sory indicating lamp on the diagram 
board to inform the dispatcher that the 
particular unit has undergone a change 
and that the setting of the control key 


= y A does not agree with the lamp indication. 
b we 22 ‘ zZ The twist-type control key affords the 
‘ng B 5 2 8 Bo dispatcher the means for selecting a 
2.22 iP ; Te ‘trip’ or ‘‘close’’ operation. The setting 
rs 3 8 # e wes H 5g of this key determines what operation is 
a id gn= 8 D 8 >2 to be performed. 
° hi ea 5 a” O © aa The nonlocking push-type selection key 
g 888 4 268 e28 enables the dispatcher to set the super- 
o ™ = 2m 8 a 35m visory-control equipment into operation 
2 8 Zo 8 ia 3 23 : to select a definite apparatus unit. Thus 
g z g z ove a © As the dispatcher may cause the supervi- 
Z fe 3 259 : % 5 sory-control equipment to select any indi- 
oceee re x vidual unit at the remote control center. 
5 Ao 88 2 m In In addition to the individual control 
> Brees a-» 2B escutcheons just described, the control 
z = p x Lars en EE 4 ri : 5 
2 o 3 e » PE desk is equipped with four nonlocking 
He 2 Ey a fal push-type master control keys for each 
Fd oe ale control center, designated as follows: 
—— 9° D- 
z 8 = OO Master control key. 
ez Zone reset key. 
Figure 1. Locations in subway where supervi- & 3 Zone check key. 
sory-control functions are performed & Blinker reset key. 
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The master control key must be oper- 
ated after selection of an individual unit 
to initiate the control code. The control 
code which is transmitted is dependent 
on the position of the individual twist- 
type control key on the associated con- 
trol escutcheon. 

The zone reset key is used to cancel se- 
lections in case the dispatcher changes 
his mind before sending the operation 
impulse, to acknowledge line-wire failure, 
and to acknowledge automatic opera- 
tions. This key is also associated with 
the audible alarm circuit. When an au- 
tomatic operation occurs, the alarm bell 
is energized to notify the dispatcher that 
an operation is being recorded. If the ( ( 
bell is set for continuous ringing, it will 
continue to give an alarm until the zone 
reset key is momentarily depressed. 

The zone check key is operated to 
check the lamp indication of each and 
every device in a control center. If the 
zone check key is depressed after a selec- 5 ; 
tion has been made, the selected unit LHI YSddN 
only is checked. Thus, the zone check Conn 
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me ation takes . Ke 
e has a zone-alarm lamp on the dia- 
gram board which is in parallel with the 
one on the control desk. The fourth 
common lamp is used to indicate low 
_control-center battery voltage, battery 
ground, or line-wire ground. This is a 
normally extinguished lamp which is 
ghted only to indicate trouble. The 
control desk is also equipped with jacks 
which are used to insert testing instru- 
ments into the line circuits. 
_ The diagram board is divided into 
eight sections, one for each control cen- 
_ ter. Each section consists of four remov- 
_ able panels. There are dustproof doors 
on the rear whjch provide access to the 
_ panel wiring. The panels are finished in 
gray and are equipped with Vinylite 
| plastic mimic bus of various colors. The 
_ lamps on the diagram board may be 
_ operated from an a-c supply or from the 
_ A8-volt battery. 
The circuit-breaker indicating lamps 
are arranged in a layout depicting the 
j 
E 


actual track routing as can be seen from 
Figure 3. There is a red, green, and 
white lamp for each of the subway break- 
ers. The red lamp indicates a closed. 
; breaker and the green lamp indicates an 
open breaker. The white lamp is a se- 
lection lamp which operates in parallel 
_ with the selection lamp on the control 
desk. 
An additional amber lamp is furnished 
on the diagram board for each of the 
_ power-supply breakers located in the 
- Commonwealth Edison substations at 
- South State Street, East Lake Street, 
and Sedgwick Street. These breakers 
are arranged for automatic reclosing 
when they trip due to a fault if the d-c 
load-measuring equipment indicates that 
reclosing. is permissible. When the 
breakers are tripped by supervisory con- 
trol they are locked out and will not re- 
close automatically. The fact that one 
of these breakers may be tripped and 
locked out or tripped and not locked out 
makes it necessary to have two separate 
indications for an open breaker. An 
amber lamp indicates that the breaker 
is open but not locked out and that it will 
automatically reclose if the fault is re- 
moved. A green lamp indicates that the 
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breaker is open and locked out. If one of 
these breakers trips due to the operation 
of protective devices an amber-lamp in- 
dication is the result at the dispatching 
office. The dispatcher may then lock 
this breaker out if he desires by selecting 
the point, setting the associated twist- 
type control key in the ‘‘trip” position, 
and operating the master control key. 
This results in the breaker being locked 
out and the green lamp being lighted at 
the dispatching office. 

Just below the sections containing the 
breaker indicating lamps are the sections 
containing the red, green, and white 
lamps for the ventilating fans. The fans 
are divided into two types, tunnel fans 
and station fans. Each tunnel fan can 
be controlled by two supervisory control 
points. One point is used to start and 
stop the fan on high speed. The other 
point starts and stops the fan on low 
speed, and can also be used to open and 
close the independent louvres. The su- 
pervisory equipment is transferred from 
low speed fan control to louvre control 
by a transfer switch in the fan-control 
cabinet. The station fans are divided 
into two groups, one of six and the other 
of seven fans. Each group is controlled 
by three supervisory-control points. One 
point starts and stops the fans on low- 
speed forward operation. The other two 
points control the fans on high-speed 
forward and high-speed reverse operation 
respectively. Each fan is equipped with 
a transfer switch to transfer the control 
of that individual fan from supervisory 
to local push-button control. For each 


fan group, there is a lamp on the diagram 
board which indicates whether all the 
fans in that group have responded to the 
control operation. 


In all cases, a red 


Figure 3. Supervi- 
-sory-control desk 
and diagram board 
in Edison Building 
power dispatcher’s 
office 
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Figure 4a (left). 
Typical supervisory- 
controlrelay 


Figure 4b (right). 

Typical dispatcher’s 

control and supervi- 
sion escutcheon 


lamp indicates that the fan is running, 
a green lamp indicates that the fan is 
stopped, and the white lamp is a selec- 
tion lamp paralleling the selection lamp 


_on the control-desk escutcheon. 


The lamp indications for subway-pump 
alarms and the indications of a-c service 
are located. on the lower sections of the 
diagram board. There is no remote con- 
trol associated with these indications and 
hence there is no control escutcheon on 
the control desk associated with these in- 
dications. Only a red and a green lamp 
are used for these indications, no white 
selection lamp being required since no 
control of these units is provided from 
the control desk. 


Control-Center Supervisory- 
Control Equipment 


The control-center supervisory equip- 
ment is mounted on the swinging panels 
of cabinets suitable for mounting against 
the wall. On one swinging panel the 
supervisory-control relays are mounted 
in four cases. Relay equipment is pro- 
vided for all of the present functions 
performed and there is space and wiring 
available to provide additional functions 
which it may be desirable to perform by 
the supervisory-control equipment in the 
future. The interposing relays which are 
tnder the control of the supervisory re- . 
lays and which operate into the control 
circuits of the breakers located in the 
control-center room are mounted on the 
other swinging panel. Figure 5 shows the 
13th Street control center with the super- 
visory-control panels in the background. 

The interposing relays for the control 
of the units which are located at some dis- 
tance from the control center and which 
are controlled by a direct-wire extension 
are located with the units controlled. 
These interposing relays are under con- 
trol of the supervisory relays over wires 
extending between the supervisory-con- 
trol relay equipment and the interposing- 
relay location. 

Relays are provided in the supervisory- 
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“Figure 5. View of 13th Street control center 
_ showing rear view of circuit-breaker panels 


with supervisory-control panels in the back- 
ground 


’ 


control relay cases to provide an indica- 


tion of low supervisory-control battery 


voltage. These relays operate at 45 
volts so as to give an indication to the 
dispatcher before the battery voltage 
gets too low for operation of the super- 
visory equipment. . The voltage-indica- 
tion relays automatically restore when 
the voltage is raised to normal. 

Grounds are detected on the control- 
center supervisory battery, the super- 
visory-control line wires between the dis- 
patching office and the control center, 
and on all of the wires used for direct- 
wire extension from the control-center 
location by means of a Rectox ground de- 
tector. The Rectox ground detector is a 


Table Il 
Red Green 
Lamp Lamp 
Breaker closed by supervi- 
SOLVECONTLOL 2 ees e rela sel oxy voretays Ont nes oc Off 
Breaker opened by supervi- 
SOLY\CONTLOL Aes slate oe ae Officers On 
Breaker in open position due 
to automatic tripping....... Ole oni Flashing 
Breaker closed locally........ Flashing... Off 
Table III 
Red Green 
Lamp Lamp 
Unit closed by supervisory 
COMCEON: 7 Sinise terete cistee cee Onc sate Off 
Unit opened by supervisory 
GORCEOL cxsrsuouh oi aalene vargan eel oh Oflter. las On 
Unit in open position due to 
automatic opening,........ Onan are Flashing 
Unit closed locally. )..:...... Flashing. ., Off 
Control and supervision wire 
DLOKen tA a ion eee Flashing... Flashing 
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tale of Control and Su: 
? 


ee 


the control center itself made it necessary Tas 


to employ several different types of « 


cuits for controlling and supervising the 
There are 
essentially four different circuit arrange- ‘ 
ments used, as will be described under the 


apparatus units involved. 


following subheadings. 


A. CONTROL AND SUPERVISION OF UNITS 
LOocATED IN CONTROL CENTER 


For the control of units located right 


in the control center, there are two inter- 
posing relays on the control center panel 
for performing the ‘‘trip’’ and ‘‘close’’ 
operations. For all of these units, a 
single a auxiliary switch is used to obtain 
the red- and green-lamp indications at the 
dispatching office. 

There are only two supervision codes 
associated with these units, a ‘‘trip’’ code 
of three impulses and a “‘close’”’ code of 
five impulses. 

Table II gives the lamp indications 
which are obtained at the dispatching of- 
fice for manual and automatic operations 
on these units. 


B. SINGLE-WIRE ExTENSION 
CONTROL AND SUPERVISION 


The control of all fans and breakers not 
located right at the control center, with 
the exception of the automatic-reclosing 
Commonwealth Edison Company break- 
ers, is arranged so that control and super- 
vision is obtained over a single wire be- 
tween the control center and the remote 
unit. 

Figure 6 shows the elements. of this 
direct-wire extension between the control 
center and the location of the remote unit. 
It will be noted from Figure 6 that an a 
and a b auxiliary switch are used for su- 
pervision purposes. The a auxiliary 
switch is connected to the negative side 
of the supervisory-control battery and 
the 6 auxiliary switch is connected to the 
positive side of the supervisory-control 
battery. The other sides of the a and } 
auxiliary switches connect to the coils 
of the “‘trip” and “‘close’’ interposing re- 
lays with the other side of the two inter- 
posing relays being connected to the single 
wire which extends to the control center, 
The two interposing relays which per- 
formed the control functions are energized 
by causing the proper polarity to be placed 
on the single control and supervision 
wire at the control center 

The coils of the relays designated as A 
and B in Figure 6 are both connected to 
the single control and supervision wire at 
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The fact that all of the equipment « on- A 
trolled and supervised is not located in 


on the control and supervision wire at 


ny 


mately 20 mi 
over the single cont 
wire for supervision purpose 
rent } passes through the int 

coil, but is only approximately 15 
cent of the current required for oper 
of the interposing relay. Thus the inter 
posing relay does not operate until dire 


supervisory battery potential is placed 


the control center. 

Either relay A or relay B will normally 
be energized at the control center due to 
either the a or the b switch of the breaker 
being closed. However, if the single cond 
trol and supervision wire should become 
open, relays A and B will be energized in 
series. This fact makes it possible to su-_ 
pervise both positions of the remote 
breaker and also to supervise the continu-_ | 
ity of the single control and supervision — | 


wire with relays A and B. ‘ : 
Table IV 

—— | 
Red Green | 

Lamp Lamp : 


Unit in open position due to \ 
automatic opening......... Odi: Ayer Flashing 


Unit closed locally............. Flashing... Off 
Supervision wire broken, .....Flashing. . . Flashing 
Table V 
Red Greea Amber 
Lamp Lamp Lamp 


Breaker closed by 
supervisory con- 


Breaker opened by 
supervisory con- 


troking. case axneicmicken Offi ae Onn. saeae Off 
Breaker in open 

position due to 

automatic  trip- 

PINE Dk. cn ee Offs ceca Off Ata Flashing 


Breaker locked out 
by supervisory 
control after au- 


tomatic tripping. .Off....... Oneal. Off 
Breaker locked out 

by emergency 

alarmino ken saae Olt: aswe. Flashing. . Off 
Breaker _reclosed 

automatically..... lashing. (Off... 04. Off 


Either or both con- 


trol wires open... . Flashing. . Flashing. . Off 
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\ 
There are three supervision codes as- 
sociated with these units, a “trip” code 
_of three impulses, a ‘‘close’” code of ‘five 
impulses, and a code of four impulses to 
indicate loss of the single-wire control and 
_ supervision circuit. 
_ Table III gives the lamp indications 
which are obtained at the dispatching 
3 office on manual and automatic operations 
-" 
; 


> 


on these units. 


C. SINGLE-WIRE-EXTENSION 
_ SUPERVISION 

The supervision of a-c service voltage 
_ is arranged to operate over a single wire 
_ extending from the unit supervised to the 
- control center. These units are arranged 
exactly as the single-wire control and 
_ supervision described in section B except 
- that the interposing relays are omitted. 
There are three supervision codes just 
as given in section B. 

Table IV gives the lamp indications 
which are obtained at the dispatching 
office on automatic operations on these 
units. 

Each of the pump rooms is supervised 
by a loop circuit which is opened in case 
of high water or motor overload trip. 
The lamp indications are the same as 
those listed above except that there is 
no indication for a broken wire. Figure 7 
illustrates a typical pump room. The 
supervisory-control equipment is located 
in the center cabinet. 


D. Two-Wire EXTENSION CONTROL 
AND SUPERVISION 


Two wires are used between each of the 
automatic-reclosing Commonwealth Edi- 
son Company breakers and the control 
center for complete control and supervi- 
sion of this breaker. 

Figure 8 shows the elements of this 
direct-wire extension between the control 
center and the automatic-reclosing- 
breaker location. It will be noted from 
Figure 8 that one of the two wires is 
connected to the ‘‘trip”’ interposing relay. 
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_ The supervisory cab- 
inet is the middle 
cabinet on the wall 


The other side of the ‘‘trip’’ interposing- 
relay coil connects to a make and a 
break contact of a toggle-type lockout re- 
lay. These contacts are designated as 
MXC and MXT on Figure 8. 

If the breaker is tripped by operation 
of the supervisory-control ‘‘trip’’ inter- 
posing relay, the lockout relay is oper- 
ated. This relay opens one of its con- 
taets which is in series with the operating 
coil of the recloser, thus locking out the 
recloser. The supervisory-control ‘“‘trip” 
interposing relay is operated either by 
having positive supervisory battery po- 
tential connected to the control wire by 
the supervisory-control equipment or by 
having this potential connected to the 
line wire by an emergency-alarm-relay 
contact located at the control center. The 
emergency-alarm system consists of pull 
boxes located at intervals along the 
track. These pull boxes are tied in with 


the supervisory-control relays at the | 


control centers. When a pull box is oper- 
ated, the breakers supplying that section 
of track are tripped and locked out. 

If one of the automatic-reclosing 
breakers is tripped through the operation 
of protective equipment, the lockout re- 
lay is not operated, and hence the breaker 
will reclose as soon as the fault has 
cleared. 

It will be noted from Figure 8 that the 
coils of relays A and B are both connected 
to the single trip wire at the control center 
and that relays C and D are both con- 
nected to the single close wire at the con- 
trol center. The use of these four relays 
makes ‘it possible to denote whether a 


CONTROL CENTER 
P 


a 


48-V BATTERY SUPPLY: 
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typical pump roc 6 


g 
irae potest “trip” pati ‘of ereaae 


Zz 
(e) 
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supervise the continuity of the two 
trol and supervision wires. 
There are four geo codes as: 


impulses if the breaker is tripped one 
locked out, a “trip” code of twoimpulses 
if the breaker is tripped but not locked 


out, a ‘‘close”’ code of five impulses, and _ 


code of four impulses to indicate trouble — 
on either of the two control and super- _ 
vision wires extending from the control 
center to the breaker. i 
Table V shows the lamp indicaitone’s 
which are obtained at the dispatching _ 
office for manual and automatic opera- 
tions of the automatic reclosing breakers. 


Conclusion 


The Visicode supervisory-control equip-_ 
ment used to control power for the 
State Street subway was designed to fur- 
nish all necessary information to the dis- 


. patcher in as small a space as feasible. 


This is of particular importance due to 
the future Expeneiee of the subway sys- 
tem. 

On supervisory-control systems built in 
the past, the change in position of a de- 
vice has been indicated by the lighting of 
a disagreement lamp. This installation 
marked the advent of a new type of in- 
dication to indicate an automatic opera- 
tion—the flashing of the red, green, or 
amber position-indicating lamp. The 
flashing-lamp signal has prpved to be a 
definite improvement in locating a unit 
which has changed position, where a large 
number of units are involved. 

The use of the single- and two-wire 
control schemes described has provided 
reliable operation with a minimum of con- 
ductors throughout the subway. The 
supervision of the wires involved in the 
direct-wire extensions from the control 
center is a unique feature. 

Having the control of power circuits 
and ventilating means of the subway at 
the fingertips of one man provides fast 
and efficient operation. 

The subway project was financed 
jointly by the city and the Public Works 
Administration of the federal government, 


Figure 8. 
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Schematic diagram showing es- 
of control scheme for reclosing 
breakers 
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Graphical” Method. “of Calculating Fault 


~ Currents on Rural Distribution Systems 


Baa a i) 12) 


F. W. LINDER 


ASSOCIATE AIEE 


N the application of fuses, oil circuit 

reclosers, or any other type of sec- 
tionalizing device on a distribution sys- 
_ tem, a considerable amount of time and 
_ effort is usually spent in calculating fault 
currents at various locations on the sys- 
tem. The purpose of this paper is to 
describe a graphical method of calculat- 
ing the fault currents which simplifies 
the task of making the calculations. 
The advantages of the graphical method, 
over other methods commonly used to 
make fault-current calculations, are: 


1. A visual picture is obtained of the pos- 
‘sible fault currents at any location on the 
system. 


2. There is less chance for error. 


83. Considerable time and effort are saved 


in making the calculations. 


4. A compact permanent record is ob- 
tained. 

5. It provides an easy method of quickly 
calculating the fault currents on new exten- 
sions added to the system after the original 
fault-current study has been completed. 


_ The graphical method outlined in this 
paper is an exact method of calculating 
the fault currents. The accuracy ob- 
tained depends upon the scale chosen for 
the calculation diagrams and the care 
taken by the person making the calcula- 
tions. 

Line-to-ground, line-to-line, and three- 
phase types of faults will be considered in 
the following discussion. The illustra- 
tions and examples used to describe the 
graphical method were designed for rural 


Paper 45-8, recommended by the AIEE committee 
on protective devices for presentation at the AIEE 
winter technical meeting, New York, N. Y., 
January 22-26, 1945. Manuscript submitted 
April 24, 1944; made available for printing Novem- 
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division of the Rural Electrification Administra- 
tion, United States Department of Agriculture, 
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distribution lines of the multigrounded | 


neutral type, having a nominal voltage 
of 7,200/12,470 volts. However, the 
fundamental principles of the graphical 
method can be applied to any distribution 
system. 


Description of Method 


_Fault-current calculations are made on 
current diagrams which are designed for a 
specific system voltage. A separate cur- 
rent diagram is used for line-to-ground, 
line-to-line, and three-phase faults. 
Typical current diagrams are. shown in 
Figures 1 and 2, which are 7,200-volt 
diagrams for use on 7,200/12,470-volt 
multigrounded-neutral systems. The 
current diagrams in Figures 1 and 2 are 
exactly the same except for the line- 
mileage scales. The line-mileage scales 
in Figure 1 are for calculating line-to- 
ground faults and the line-mileage scales 
in Figure 2 are for calculating three- 
phase fault currents. A similar current 
diagram for calculating line-to-line fault 
currents would have line-mileage scales 
designed for line-to-line faults. 

From the practical standpoint, the 
positive- and negative-sequence imped- 
ances of the power source may be as- 
sumed to be equal. If the further as- 
sumption is made that the equivalent 
spacing om two-phase lines is equal to the 
equivalent spacing on three-phase lines, 


‘then the line-to-line fault currents are 


equal to 4/ 3/2 times the three-phase 
fault currents. Therefore, for all prac- 
tical purposes, line-to-line current dia- 
grams are not absolutely necessary. 
Knowing the three-phase fault currents, 
the line-to-line fault currents can be calcu- 
lated by a simple slide-rule operation. 
The background of the current diagram 
in either Figure 1 or 2 is a rectangular 
co-ordinate system with resistance R in 


the latter contributing $23,130,000 of the 
$57,400,000 total cost. The city’s share, 
$34,270,000, was obtained from the 
traction fund, thus eliminating the neces- 
sity for a tax levy or for special assess- 
ments. 

Planning and construction of the proj- 
ect was directed by Philip Harrington, 
commissioner of subways and superhigh- 
ways for the city of Chicago with the co- 
operation of the PWA Subway Commis- 
sion and Joshua D’Esposito, PWA sub- 
way project engineer. 
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The portion of the work covered by 
this paper was financed by the city alone. 
The city is to be reimbursed by the oper- 
ating company when unification of local 
transit facilities is achieved. Engineering 
and installation of this work was in charge 
of C. W. Post, subway electrical engineer, 
and J. A. Stoos, assistant subway de- 
signer, for the city, who were aided by the 
advice and co-operation of E. A. Imhoff, 
electrical engineer, and C. J. Buck and G. 
Krambles of the operating company, the 
Chicago Rapid Transit Company. 
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power source to any point on 
where it is. desired to know th 
rent. The impedance of the circuit is 


Za=V RX? i ah 


which is in the fen a the | equation of a 
circle where Z is the radius and R and i 
are co-ordinates for any point on the 
circle. The quarter circles on the current 
diagrams are impedance circles, each | 
circle representing a value of impedance | | 
for corresponding values of R and X on 
the resistance and reactance scales. In-_ 
stead of indicating the value of impedance © 
that each circle represents, the circles 
are calibrated in terms of current in am- — 
peres based on the system line to neutral i 
voltage. The line-to-neutral voltage is 4 
used as the base voltage for line-to-ground, © 
line-to-line, and three-phase current dia-_ 
grams, Fault currents can be read on the - 
circles at the intersection of the total 
resistance and total reactance values of © 
the circuit from the power source to the — 
fault location on the system. It should 
be remembered that in the case of voltage _ 
transformations in the circuit, the re- — 
sistance and reactance values must be — 
referred to the voltage base for which the 
current diagram is designed. 

In the lower right-hand corner of each — 
current diagram, there is a group of scales _ 
called “‘line-mileage scales,’’ each scale | 
representing a different copper equivalent _ 
conductor size. Each scale is calibrated 
in miles, starting from zero at the left 
end of the scale, which refers to the © 
length of a section of distribution line. 
The slope and calibration of each scale is _ 
governed by the per mile resistance and _ 
reactance values of the distribution line. 
Therefore, to design a line-mileage scale 
for line-to-ground faults, it is necessary 
to know the per phase resistance and re- 
actance of the line for line-to-ground 
faults and for the conductor used. It is 
necessary to know the resistance and re- 
actance values of the system for line-to- 
line and for three-phase faults to design 
mileage scales for these respective types 
of faults. 

To design a line-mileage scale, choose 
a convenient point on the diagram for the 
zero point of the scale. Using the same 
scale as the resistance and reactance 
scales on the current diagram, lay off a 
distance horizontally to the right, equal 
to the resistance of one mile of line. From 
the point just located, lay off a distance 
vertically upward equal to the reactance 
of one mile of line forming two legs of a 
right triangle, the hypotenuse of which 
is equal to the impedance of one mile of 
line on the bases of the scale used for 
the current diagram. Draw the hypote- 
nuse and extend it upward to the right 
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Figure 1. Typical 7,200-volt current diagram 
_ with line-mileage scales for calculating line-to- 


ground fault currents 


forming the desired line-mileage scale. 


_ The scale can then be calibrated in miles 


by marking off distances equal to the 


- length of the hypotenuse of the small im- 


_ pedance triangle. 


The use of the line- 


_tileage scales in making fault current 
_ calculations will be explained farther on 


in this paper. 

The line-mileage scales on the current 
diagrams shown in Figures 1 and 2 are 
for rural distribution lines constructed to 
the specifications of the Rural Electrifica- 
tion Administration. Values of resist- 
ance and reactance per mile for REA 
lines, which were used in designing the 
line-mileage scales, are given in Table I, 
which are average values for the various 
types of conductor used. The resistance 
and reactance of Copperweld, aluminum 
conductor steel reinforced, hard-drawn 
copper, and other types of conductor 
differ slightly for the same copper equiva- 
lent conductor size. However, the im- 
pedances of the various types of conductor 
are approximately the same for corre- 
sponding sizes and the error is negligible 
if average values for each copper equiva- 
lent conductor size are used in designing 
the line-mileage scales. 


Use of Current Diagrams 


In using the current diagrams for deter- 
mining the fault currents on a distri- 
bution system, the starting point is at 
the source end of the system which is 
usually the load side of a substation feed- 
ing the system. It is necessary to know 
the equivalent total resistance and total 
reactance of the system from the genera- 
tors to the starting point of the dis- 
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LINE MILEAGE SCALES 


tribution system, for the type of fault 
being calculated and for both maximum 


and minimum fault-current conditions. 


All resistance and reactance values must 
be referred to the voltage base of the cur- 
rent diagrams. In many cases, the im- 
pedance of the supply system up to the 
distribution substation, which is re- 
ferred to as the source impedance, is 
negligible and only the impedance of the 
substation need be considered. When 
the source impedance is appreciable, data 
is usually available on either the short- 
circuit kilovolt-amperes, fault currents, 
or positive-sequence impedance of the 
power source at the supply side of the 
distribution substation. From these data 
the equivalent source impedance for use 
in determining the starting points on the 
current diagrams can be calculated by 
use of formulas given in Table II, which 
apply to the most common types of rural 
distribution systems. Formulas are also 
given in Table II for determining the 
equivalent substation impedance which 
must be added to the source impedance. 
To determine the starting point on the 
current diagram, multiply the total 


Table I. 


to determine the resistance component 


and by 0.98 to determine the reactance | 


component. Other proportionate values 
may be assumed, based on judgment. 


The formulas in\Table II apply to — 
four-wire wye multigrounded-neutral/dis- 
tribution systems supplied from a three- — 


phase power source through a delta-wye 


transformer bank, which is the most — 


common type of rural distribution sys- 
tem. The formulas for line-to-ground 


- faults have no significance on delta dis- 


tribution systems. However, the im- 


pedance formulas in Table II for line-to- 


line and three-phase faults apply to delta — 


distribution systems supplied by a delta- 
delta substation. Other cases which are 
less common than those discussed above 
will not be considered in this paper. The 
relationship between the formulas in 
Table II should be noted. Each of the 
source and substation impedance for- 


mutlas for line-to-line faults is 2/ 4/3 times 
the corresponding formula for three- 
phase faults. Each of the source im- 
pedance formulas for line-to-ground faults 
is two-thirds times the corresponding’ 
formula for three-phase faults and the 
substation impedance formula for line-to- 
ground faults is the same as the formula 
for three-phase faults. 

When a fault occurs on the system, 
there may be some resistance in the fault, 
which should be considered. The fault 
resistance could be any value; however, 
it has been found that 40 ohms is a rea- 
sonable value to assume. An assumed 
value of fault resistance should be added 
to the resistance of the circuit in calculat- 
ing minimum fault currents. From the 
practical standpoint, it is not necessary 
to consider the fault resistance for each 
type of fault. On multigrounded-neutral 
systems, the fault resistance need be 
considered only on line-to-ground faults 
because line-to-ground faults are usually 
used for minimum currents and line-to- 
ground faults are the only type of fault 
which can occur at any location on systems 
containing single-phase lines. On systems 
where line-to-line or three-phase faults are 
used for minimum currents, the fault re- 
sistance should be considered. 


Impedance of REA Lines in Ohms Per Circuit Mile 


Average Values for Copperweld, Aluminum Conductor Steel-Reinforced, and Hard-Drawn 
Copper; Standard REA Spacing; Earth Resistivity—100 Meter-Ohms 


For Line-to-Ground Faults; 
Single-Phase Impedance With 


For Line-to-Line Faults; 
2/V3 Times Impedance to 


For Three-Phase Faults; 
Impedance to Positive- 
or Negative-Sequence 


Copper Multigrounded-Neutral Positive- or Negative-Sequence 
Equivalent Wire Currents Currents 
Conductor ; 
Size Resistance Reactance Resistance Reactance Resistance Reactance 
170\.c.eh esate ONJ 235 aeres ene DA hence ovtie O).G43  Siteeie ae. ds OWBAT. Sivek castes. Q5556cc5 Sat bts 0.733 
DA 9 Racin. Ayre A LOO LS sqaure eseeere 1 hi Re a3 ON TROLA ER crate OL 8905 ek sevae OSS ifice nose 0.770 
Al. SPAM Noceevans A GOW occas tote Seas EPS Lae ccsetetees 1 GO5.c arasise On928cm. ae ces L388. eee 0.803 
Gastar eis ior AD get eet teat A SAB Reussatse stot QP DAG ee «et OF969 Seat e QK2022 vase ore 0.838 
8 Me Wire ew: ste usaatalc De isi eset 4 (069: See ae L2OOS Er.cashonta BO20/7. cetgnens 0.866 
SRE emesis See ee OAL ge -nueters nets 1.67 
VA k Rtas: > COO tras herent is 1.704 
TRANSACTIONS. 17 


Linder—Distribution-System Fault Currents 


ee a all ” nN sate aa oe S _ + »>S) 72 2 ee 
ctellaie in Nays Pee ae 


source and Anstation impedance 2 0.20 — 


Ati ff —L) 7 
% ¥a39, or Z,, of the Power Source at the Supply Side of the Distribution Substation. (For Use 
PY on Distribution Systems Supplied by a Delta-Wye Substation)* i 
— 2 ———_—_—_—__ 
a7 For Line-to-Ground For Line-to-Line \ For Three-Phase 
| Given Faults Faults Faults 

Js Sie eee 
a ‘ | 2Ep? 2En? 7, = -N3En? 
Isp Re @ ase le 6 @ 00 ee ¢ 0 e010 So V31s¢ Ei a eke vom ek — Tsp BL De Sle (e'ele tel etelte dhatere tela ‘S ToL Lb 
r En? VBEn? 3En* 
IRRIGATE) oa tttetalsiste ght: soe a SS Lolot on pon: ia ee 1s Ooh Ia ae L432 5- 2 Se 
? pad? “Ta-bEw- L) 8 1a-DEa-L) 3 21 (L- L)E(L- B) 
El rasp Ll eRe SAE ih Ae pay Seis Zo” 
| UMP... sever eecceaees Bigas pid OE ATS oT aad 
oe 2Z1En? 7, = 2S ZEN _ 3Z1En? 
: 4) ee Ss Ew_b? i iC ea (Si Ew-1L? wee eee ee eee ‘ 8 Fin)? 


Transformer. 


¢. ; For Line-to-Ground 


Given Faults 
%ZTEn?* - 
VAN aa Oe OAT ALF Evasdonoo0te hie 


had , _ 
Formulas for aeeinnie the Edivatent Reince ee When Given Biter: 


= Vikvaie 100,000 eee 


Formulas for Determining Substation Transformer Impedance in Ohms When Given %Zp of 
(For Use on Distribution Systems Supplied by a Delta-Wye Substation)* 


EEE ‘ 


For Three-Phase 
Faults 


For Line-to-Line 
Faults 


No 2ZT2En? %ZTEn? 


27 =i aid 100,000 


Multiply Zs and Zr by 0.20 to obtain resistance components and by 0.98 to obtain reactance components. 
Other proportionate parts of resistance and reactance may be assumed, based on judgment. 


_ List or SYMBOLS 
Eq-L)= 


= Line-to-line voltage in volts on supply side of substation. 


En, = Line-to-ground voltage in volts on load side of substation. 
Is = Three-phase fault current in amperes on supply side of substation. 


I(L-L)= 


= Line-to-line fault current in amperes on supply side of substation. 


Z;= Equivalent impedance in ohms per phase of source at load voltage. 
Z1 = Positive-sequence impedance in ohms of source at substation. 
Zr =Equivalent impedance in ohms per phase of substation transformers. 
%Zr=Per cent impedance of substation transformers. 
vas = Three-phase short-circuit power in volt-amperes on supply side of substation. 
kvai¢ = Substation transformer capacity in kilovolt-amperes per phase. 


* Formulas for line-to-line and three-phase faults also apply to delta distribution systems supplied by a 


delta—delta substation. 


The procedure for calculating fault 
currents on the current diagrams is as 
follows: 


1. Locate the point for the equivalent 
total impedance of the source and distribu- 
tion substation by laying off the resistance 
along the horizontal scale and the reactance 
along the vertical scale. Locate the total 
impedance for both maximum and minimum 
fault-current conditions. Read the fault 
currents on the circles. 


2. Draw a line from the points located in 
step 1 to the right, parallel to the line-mile- 
age scale for the conductor size in the first 
section of line away from the substation. 
These lines can be drawn by manipulation 
of two drafting triangles, a rule and a tri- 
angle, or any other graphical means. 


3. Using a compass, or dividers, and the 
mileage scale for the proper conductor size, 
set the instrument to the number of miles 
from the substation to the first point out on 
the system where it is desired to know the 
fault currents. Lay this distance off from 
the points located in step 1 along the lines 
drawn in step 2. 


4. Read the fault currents on the circles. 


5. Repeat the above procedure for the 
next point farther out on the system where 
it is desired to know the fault current. If 
the conductor size on the line changes, draw 
a new line on the diagram from the point 
for the end of the first conductor size, paral- 
lel to the proper mileage scale. Repeat until 
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Formulas for line-to-ground faults have no significance on delta systems. 


all points on the system, at which fault cur- 
rent values are desired, have been plotted 
on the diagram. 


Although a current diagram is de- 
signed for a specific system voltage, it 
can be used for any system voltage pro- 
vided the physical characteristics of the 
system are such that the impedance per 
mile of line is the same as the impedance 
used'in designing the line-mileage scales. 
The fault current is directly proportional 
to the system line-to-neutral voltage, 
Therefore, fault currents read on a cur- 
rent diagram for a specific voltage can 
be converted to another voltage by multi- 
plying them by the ratio of the line-to- 
neutral voltage of the system being 
studied to the line-to-neutral voltage for 
which the diagram was designed, In de- 


Table Ill. 


system voltage. Ok: Oe a a 


Illustrative ieamplet care 


point should be feces to h e 


This example is given for the purpose 
of illustrating the graphical method of 
calculating fault currents on a distribu 
tion system. Only line-to-ground faul 
currents are calculated because the proce- 
dure for calculating each-of the different 
types of fault currents is the same. 

A one-line diagram of a hypothetical 4 
system is shown in the upper left-hand — 
corner of Figure 3. The system is a ~ 
multigrounded-neutral system, having a — 
nominal voltage of 7,200/12,470 volts. 
It is supplied from a 33-kv transmission _ 
line through a bank of three 150-kva © 
single-phase 33-kv to 7.2-kv transformers, — 
each having an impedance of five per 
cent. The short-circuit kilovolt-amperes 
on the transmission line at the location ~ 
of the substation is 20,000 kva. The © 
problem is to determine the maximum ~ 
and minimum fault currents at the points 
indicated on the diagram of the system. 

Using the proper formula from Table — 
II, the source impedance is: 


2X (7,200)? 
3= B20) =5.2 ohms 
20,000,000 _ 


The substation impedance is 


5X (7,200)? 
Z,=————— = 17.3 ohm 
+150 X 100,000 SOF, 


The total equivalent impedance of the 
source and substation referred to the 
distribution-system voltage is 22.5 ohms. — 
Assuming the resistance component to > 
be 0.20 times total equivalent impedance 
and the reactance component to be 0.98 
times the total equivalent impedance, 
the total resistance to the load side of the 
substation is 4.5 ohms and the total 
reactance is 22.1 ohms which are the 
values used for the starting point on the 
current diagram for maximum fault 
current. Assuming a 40-ohm fault re- | 
sistance, the starting point for minimum 
fault currents is 44.5 ohms resistance 
and 22.1 ohms reactance. 


Data for Illustrative Example 


Miles From 
Preceding Point 


——=. 


Maximum Minimum 


é Previous Point on Copper Conductivity Line-to-Ground Line-to-Ground 
on Line Toward Line Toward Sub- Size—Section From Fault Current, 


Fault Current, 


Point Substation station Previous Point Amperes Amperes 
Swtbsta tion oe sad ana lelatencta;ocosel Oh i phovel Meleletela. clley ele oie \gl Soetoro Oe 320 
A eaten Substation........... Hee Ud oe tee peg. rants Be es Hoa Siniaer 
AES Saris ea tte Pte Als sco, os OEM are linotapateratere's. Seroatcetete (hep mice ato saan Arion tea EL Ou mete cairns 75 
CLEAN. See Alpe etarcietors LO eyeuRieNete cals, Spee Os ek. eee he eat nM SERA ah rare 69 
DD). ORR ee Caled ae Dee Buli\napaen sie e Se Rett can ae (eee es or 58 
Eh gets aq deren CAL srecou shies SE ARR OTE UO), scat eea eee a rac bree Koj hed teen Sete ah pr ei Oe, eta Fiero 55 
PRs BAe ee EGS chon tapenetvon ere ON 5. RN ats ores Gia Ree BOA ee: Steet 46 
Gre b os tate he Fi nedetrctoys ae asta SNe oo ee cree Ree aes AT a o.tibcttes ake 38 
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current wales 


in Table III. The graphical calculation 
of the fault currents is shown on the cur- 
_ tent diagram in Figure 3 and the fault 
current values are tabulated in Table III. 


- Alternate Design for Line 
Mileage Scales 


_ There is an alternate design for the 
_ line-mileage scales which some engineers 
] may prefer to use. Instead of putting 
j the mileage scales on the current dia- 
_ grams, a right triangle similar to a draft- 
_ ing triangle can be constructed for each 
} _line-mileage scale. A separate triangle is 
: necessary for each conductor size and for 
each type of fault. The triangles should 
__ be designed as described previously for de- 
_ signing the line-mileage scales on the 
_ current diagrams with the hypotenuse of 
each triangle calibrated in miles. These 
_ triangles can be used directly on the 
current diagram to draw lines between 
_ points at the proper slope and to lay 
off mileage distances between points. 
_ Change in Source or Substation 
__ Impedance 


If the source or substation impedance 
is changed, as in the case of installing 
additional generating capacity or install- 
ing larger transformers in the distribution 
substation, it is easy to determine the 
new fault currents on the distribution 
system, if a fault-current study of the 
system has been previously made by the 


Figure 2. Typical 7,200-volt current diagram 
with line-mileage scales for calculating three- 
phase fault currents 
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are desired and the copper equivalent- 
_ conductor size in each section are given 120 
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graphical method. It is necessary to Figure 3. Illustrative example showing one- 


calculate the new equivalent resistance 
and reactance up to the beginning of the 
distribution system and locate the new 
starting points on a current diagram. 
Lay the new current diagram over the 
old current diagram and line up the 
starting points. Then trace the old 
fault current points and lines between 
the points onto the new current dia- 
gram. The new fault current values 
can then be read from the new current dia- 
gram. 


Conclusion 


The accuracy desired depends largely 
upon the scale chosen for designing the 
current diagrams. It is believed that 
sufficient accuracy can be obtained if the 
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aioe ea ee 
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line diagram of a 7,200/12,470-volt system 
and graphical calculation of line-to-ground — 
fault currents 


Calculations above the current scale are for 
maximum fault currents and calculations below 
the current scale are for minimum fault cur- 
rents. Refer to Table Ill for other data 


diagrams are prepared on standard 111/.- 
by-17-inch graph paper calibrated ten to 
the inch. A scale of one-half inch equals 
ten ohms can be used. If the system 
consists mainly of conductor sizes larger 
than number 4 copper equivalent, it is 
recommended that a scale of one inch 
equals ten ohms be used. 

Separate current diagrams should be 
used for each substation. In cases where 
the distribution system is large and there 
are a large number of locations on the 
system where it is desired to know the 
fault currents, it is suggested that sepa- 
rate current diagrams be used for each 
one of the main feeder lines, in order to 
prevent confusion which may result from 
too many points on the same current dia- 
gram, 

When the fault currents on a system 
have been calculated by the graphical 
method, the current diagrams will prove 
to be valuable in the operation of the 
system. Each current diagram gives a 
visual picture of fault current conditions 
at any location on the system. 
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~ Aircraft Ignition Cables and Connectors 


H. H. RACE 
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ROGRESS in flying to ever in- 
creasing altitudes has brought with 
it a host of problems of which none have 
been more urgent than those involving 
the distribution of magneto energy to 


the aircraft spark plug. Highly stressed 


even under more favorable conditions, 
conventional cables and connectors have 
exhibited failures in high-altitude opera- 
— tion whose origin called for prompt study 
and correction. This paper describes 
an investigation of these causes using a 
simulated high-voltage high-temperature 
high-altitude tester and presents several 
means by which the life of the ignition 
system may be appreciably extended. 


The Problems 


1. ARC-OVER AT CONNECTORS 


In order to fly aircraft with high- 
voltage ignition systems to altitudes 
greater than about 30,000 feet, one of 
the technical problems which must be 
solved is the prevention of arc-over at 
any point in the ignition system, since 
such arc-overs prevent the plugs from 
_ firing. The conventional ignition system 
is assembled with at least three com- 
ponents—magneto, ignition wire, and 
spark plug—with detachable connectors 
between them. In general these connec- 
tors are not gas tight so that any spaces 
not filled with ‘solid dielectric contain air 
at a pressure determined by the alti- 
tude. The effect of this is illustrated 
in Figure 1 by curve 1 which shows how 
the arc-over voltage of a number of types 
of connectors decreases as the air pressure 
is decreased to simulate high altitude. 
This effect represents an inherent limita- 
tion of the conventional high voltage 
ignition system. 

The engine manufacturers have stated 
that the maximum voltage which may be 
required at the plug for the most severe 
conditions of engine operation is of the 
order of 12.7 kv peak. Figure 1 shows 
that this voltage cannot be obtained 
with conventional connectors above 20,- 
000 to 25,000 feet altitude. However, if 
the engine requires only nine kv peak, 
standard connectors will not arc-over up 
to 40,000 feet. 


Paper 45-5, recommended by the AIEE committee 
on air transportation for presentation at the AIEE 
winter technical meeting, New York, N. Y., 
January 22-26, 1945. Manuscript submitted 
April 12,1944; made available for printing Novem- 
ber 3, 1944. 
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Company, Schenectady, N. Y., and A. M. Ross, 
Jr., is chemist in the works laboratory of the same 
company at Bridgeport, Conn. 
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Apart from temporarily reducing the 
available voltage to the spark plugs, 
intermittent high-altitude arc-overs may 
cause serious and permanent deteriora- 
tion of connectors and cable ends by 
tracking, a type of failure which is not 
remedied by descent to lower altitudes. 


2. THERMAL DETERIORATION OF CABLE 
INSULATION 


Tf conditions are such that arc-overs 
do not occur, then deterioration of the 
ignition-cable insulation is the next most 
serious cause of failure. 

To minimize radio interference the 
ignition cables must be completely en- 
cased in a metal shield (called the har- 
ness) from the distributor to the spark 
plug. Figure 2 shows a conventional 
spark-plug connection, at which point 
the highest temperatures are reached. 

Engine manufacturers have stated 
that the temperature at the bottom of 
the spark plug well may be as high as 
400 degrees Fahrenheit and in the elbow 
between 250 and 350 degrees Fahrenheit. 
Accelerated chemical decomposition at 
these temperatures causes deterioration 
of all conventional organic insulation. 
However, since there are large differences 
in the rates of oxidative and thermal 
decomposition among available rubber- 
like insulating materials, a proper choice 
of cable insulation and sheath materials 
is very important. 


3. Corona CUTTING OF CABLE 
INSULATION 


A third factor contributing to the de- 
terioration and failure of the ignition 
cable insulation is corona, which occurs 
in all electrically stressed gas spaces of the 
system, its intensity varying with the 
altitude. Conventional ignition cable 
(see Figure 3A) is supplied with a lacquer 
coating to protect the insulation from at- 
tack, but mechanical damage to this may 
result in corona cutting of the underlying 
rubber insulation. Moreover, since they 
exist in the region of maximum voltage 
stress, voids between the ignition-cable 
conductor and its insulation will give rise 
to intensely destructive corona and sub- 
sequent puncture. 


4. WATER-VAPOR CONDENSATION 


Any portion of the ignition system 
which is open to the atmosphere is sus- 
ceptible to the condensation of moisture 
during changes in pressure, tempera- 
ture, and humidity of the surrounding air. 
If this water condenses on a possible arc- 
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; SUPERCHARGING (To Correct Bi 


Possible Solutions 


Although arc-over, corona, and 


trance of moisture could be elimin: ed 


by supercharging the entire igni 
system, this is not desirable if other so 
tions can be found because of the Jar; 
supercharger capacity required and t 
likelihood of leaks or mechanical BLK 
at any one of the many connections. A 


: 
single break would destroy the uo 


altitude performance of the entire sys- 
tem. Furthermore, supercharging the 


harness appears unnecessary because of | 


other possibilities listed below. 


FILLING oF MANIFOLD (TO CORRECT 3) 
AND 4) 


Complete and permanent filling of the 
harness manifold with a void-free di- 


electric will eliminate corona and moisture 


difficulties. This has been made possible 


by the development of polymerizable 
liquids suitable for impregnating com-— 


pletely wired manifolds. One of these is 
at first sufficiently fluid to permit ready 
vacuum filling, and is converted by a 


brief bake at moderate temperatures to 


| 


i 
: 


a soft elastic infusible gel of excellent — 


electrical properties. 


Several thousand — 


units of one make of this type have been — 
put in service with no failures of mani- — 


fold cables as yet reported. 


FILLING oF DETACHABLE LEADS (TO 
CoRRECT 3 AND 4) 


Similarly, improved leads (from mani-_ 
fold to spark plug) have been developed. — 
These are detachable from-the manifold _ 
proper and carry an ignition cable and — 
connectors completely molded into a 


Neoprene-filled flexible shielding con- 


ARC-OVER VOLTAGE 


e) lO=t 04 220 
EQUIVALENT ALTITUDE —FT x10? 


40 50 60 70 


Figure 1. Avrc-over voltage versus altitude 
for several spark-plug-connector assemblies— 
short-time tests 


4a { Textolite sleeve only—© 

Mycalex sleeve only—+ 
2—Mycalex sleeve—-tshort grommet 
3—Short ceramic sleeve—+long grommet 
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e d - section 

—Results on Standard Cy- 

FILLING oF CONNECTORS (TO CorRECT 1, 
3, AND 4) | ne 


By filling all spaces in the spark-plug © 


well and connector with a plastic semi- 
solid dielectric, arc-over may be made 
more difficult even at high altitudes. 


_ A compound of suitable electrical char: 


acteristics and excellent heat stability 
has recently been made available for 
this purpose. 


INORGANIC TERMINAL SLEEVES 
(to Correct 1 AND 2) 


Until recently organic terminal sleeves 
have been generally used. These have 
very poor arc resistance so that if arc- 
over of appreciable intensity occurs the 
insulation becomes carbonized and is 
permanently destroyed. Recently in- 
organic terminal sleeves made from 
porcelain and Mycalex have been intro- 
duced. These do not change the arc-over 
characteristic of an open assembly at 
high altitude (see Figure 1), but the 
inorganic materials are not damaged by 
this arcing and will function satisfactorily 
again below the critical arc-over altitude. 
Another very important characteristic 
is that these inorganic materials do not 
deteriorate with time at the high tem- 
peratures existing in spark-plug wells. 


NEOPRENE SEALING GROMMETS 
(To Correct 1 and 4) 


Neoprene is a synthetic rubber of 
greatly enhanced resistance to corona and 
can be compounded to have excellent heat 
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Figure 2. Cross section of plug-elbow-ter- 
minal-cable assembly (seven-millimeter cable) 


Jagged lines denote possible paths of failure 


gasket material to seal connectors against 
water vapor from without or loss of pres- 
sure from within, thus improving the arc- 
over voltage characteristics of the sealed 
assembly as indicated in Figure 1, curves 
2 and 3. This advantage is not always 
retained permanently in service as will 
be brought out in the discussion of our 
experiments, but it is helpful within the 
expected life between necessary disassem- 
blies. 


INORGANIC ELBOWS (TO CORRECT 2 AND 3) 


Solid spark-plug elbows have been made 


resistance. It is, therefore, an excellent with Mycalex-insulated cores. These 
Table | 
Forty-Two Lacquered-Braid Cables 
Test Variations Effect 

Operating conditions: 
MV OSTA SOS oo 1o ore: o:asieye' 0.0 12.7 kv peak; three sources: 

(a). 60 cycle transformer 

KB), a BAECTATE MAP REEO. lad i hcctsiesety Oslelouee No significant differences 

(c). electronic interrupter 
Sa NETRING: = oye gi suaiidiapase 47,000 feet, constant (ten centimeters 

pressure) 
3s Temperature........ 270-400 F maximum (at plug elbow)....Longer life below 300 F; differences 
slight above 300 F 

As CV CHIRG Rieti as inlets es Irregular or hourly, temperature only... . Most failures occur in first cooling period 
‘Components: 
MEROEA DIOS ie ache see's 6.0 All lacquered-braid: 


7 mm (2 types) \ 
5 mm (1 type) 

2. Terminal-sleeves....One inch Mycalex 
9/16 inch Mycalex 
9/16 inch porcelain } 


3. Grommets and 


Parut fiststa tere No significant differences 


Praia wiwieteleia wie No significant differences 


DGOts Ssavy eas pais Appropriate to terminal sleeves and 


cables above*........... 


To) SRE No significant differences* 


4. Filling compounds..None, or one of seven types organic 


SENUSOLIC yee tele alels oils 


.5. Spark plugs**....... 1 type aircraft plug** 


en stalterena eta, 60 Slight differences; 


type 7 has superior 
heat stability 


*The necessity of having grommets to seal the connector was shown by four additional tests in which 


grommets were omitted: 
-once, another lasted 1.7 hours. 


at 47,000 feet two assemblies failed at once; at 35,000 feet one failed at 
These tests are not included in Figure 10, curve 1. 


**Plug electrodes were spread and 400 pounds pressure of nitrogen was admitted to electrode chamber to 


-prevent plug from firing. 


, 
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accomplish the desirable result that 
organic material be located in the high 


temperature region of the spark-plug 


well. | 


Composirs Trruinats (To CORRECT 
1, 2, 3, AND 4) ; 


: 


A neoprene boot of one millimeter 


wall-thickness, approximately the length 
of the elbow, is slipped over the end of 
five-millimeter cables to adapt them to 
seven-millimeter connector assemblies. 


During the course of our investigation 
a new terminal was developed in which 


the neoprene adapter-boot, a neoprene 
grommet, and a Mycalex terminal sleeve 
were molded integrally with the addition 
of a molded-in copper ring for the gasket-. 
ing surface. This is a marked improve- 
ment and will be discussed in detail in 
connection with our test results. 


IMPROVED IGNITION CABLES (TO CORRECT 

1, 2, 3, AND 4) 

This major improvement will be dis- 
cussed in detail. The simulated flight 
tester, to be described, has very clearly 
demonstrated the superiority of the new 
constructions. : 


Simulated Altitude Testing— 
Apparatus and Procedures’ 


The urgency of the problem of deter- 


mining the causes of cable and connector 


failures and of developing improved as- 


\ 


LACQUER COATING 


STRANDED 
CONDUCTOR 


RUBBER OR 
SYNTHETIC INSULATION 


STRANDED CONDUCTOR 
(CEMENTED) 


Conventional lacquered-braid igni- 


Figure 3. 
tion cable (A) and improved high-altitude ig- 
nition cable (B) 


semblies required the adoption of a 
laboratory apparatus for reproducing, in 
at least some of its essential respects, the 
operation of an actual aircraft ignition 
system. This was not intended to replace 
individual property tests on construction 
materials but rather to provide labora- 
tory information in advance of engine 
tests in the field. 

Essentially the test apparatus de- 
veloped consists of: a means of applying 
a controlled, pulsating voltage to a 
shielded cable-connector-spark-plug as- 
sembly, a means of heating the spark 
plug to a controlled temperature, and a 
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The nature of the equipment is well 
illustrated by our most recent setup. A 
simplified block diagram for this is given 
in Figure 6 which indicates its construc- 
tion and operation. It will be noted that 


Bex G09 O29) I70-VA VARIABLE 
ON-OFF SWITCH SS SS saree R 


means for maintaining the system at a 
controlled external pressure. Early in 
our experimentation, it was noticed 
that certain types of assemblies failed 
more rapidly when the temperature and 
pressure were varied than they did under 
constant conditions. Repeated expan- 
sion and contraction caused leaks to 
develop after which electric discharges 
resulted in failure. Since fluctuation in 
these variables is characteristic of actual 
flight conditions a cyclic procedure was 
adopted and appropriate equipment in- 
stalled. 


STANDARD TEST CONDITIONS AND 
EQUIPMENT 


The original apparatus and procedures 
were varied during the course of the in- 
vestigation and eventually fixed in ac- 
cordance with discussions among the 
manufacturers of ignition cables at a 
meeting of the ignition-cable group of 
the technical advisory committee for 
aircraft cables, December 15, 1948. As 
finally selected these are: 


(a). Voltage: 


1. Sowrce. The construction of the electronic 
interrupter, designed by the Electric Autolite Com- 
pany, Port Huron, Mich., is shown in Figure 4 
and the wave shape of the pulse (as drawn from a 
cathode-ray oscilloscope) is exhibited in Figure 5 
in comparison with those produced by a 60-cycle 
transformer and an aircraft magneto, the other 
voltage sources tested. The pulse from this device 
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Figure 5. Wave shapes for three voltage 
sources sketched from high-voltage cathode- 
ray oscilloscope 


A—Sixty-cycle ignition transformer 
B—Thermionic interrupter 
C— Aircraft magneto 
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is somewhat similar to that from the aircraft mag- 
neto but is higher in energy and would therefore 
be more destructive to partially failed specimens. 


2. Output. The output from the pulser is adjusted 
to 12.5 +0.5 kv peak at the start of the test and is 
permitted to fall as it will. A failure is considered 
to have occurred when the voltage falls to 5 kv 
peak, 


(b). Pressure. The vacuum regulator is 
adjusted so that the minimum pressure 
reached is t0+0.5 centimeters of mercury. 


(c). Temperature. The input to the heat- 
ers is such as to raise the temperature of 
the spark plug (measured at the copper 
gasket) to 50010 degrees Fahrenheit and 
the elbow (measured at its midpoint) to 
325+5 degrees Fahrenheit, these being the 
maximum temperatures measured in vacuo. 


FLEXIBLE 
CONDUIT 


the equipment is entirely automatic, 
the vacuum and heat cycling being con- 
trolled with an electric clock by cam- 
operated switches, and the voltage, tem- 
perature, and pressure being recorded 
automatically. A special contact on 
the voltage recorder shuts down the 
equipment when the failure voltage (five 
kilovolts peak) is reached. 

Figures 7 and 8 are photographs of 
part of this equipment. In Figure 7 
the electronic interrupter can be seen 
in the right-hand corner of the cage. 


At the top is the capacitance divider - 


from which crest voltage readings can be 
taken on a vacuum-tube voltmeter.! 
The right-hand plate shows the spark 
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Figure 6. Block 

diagram of automatic 

cycling and record- 

ing simulated-high- 

altitude-test equip- 
ment 
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Figure 7. Laboratory installation 


showing 
_two three-sample test units, high-voltage power 
supply, and capacitance divider 


plugs inserted in their blocks (with 
heaters removed). In order to prevent 
sparking these plugs have their outer 
electrodes machined back and a pressure 
of 20 pounds per square inch of nitrogen 
is applied to the block. On the left the 
bell jar is completely set up with cables 
and shields in place and heaters and 
thermocouples connected. 

Figure 8 exhibits the working bench, 
showing from right to left: 


1. Electronic relay, operated from contact 
on voltage recorder to shut down the entire 
set up at failure. 


2. Voltage recorder. 

3. Vacuum-tube voltmeter. 
4, Pressure recorder. 

5. Temperature recorder.” 


. Motor-driven thermocouple transfer 
switch which scans each of 20 thermocouples 
every five minutes (12!/. seconds reading, 
21/. seconds in transit between couples). 


Voltage regulators, presssure regulator, 
heater-current adjustments, and so forth, 
are underneath this bench. 

An example of the voltage-temperature- 
pressure records produced by this equip- 
ment is given in Figure 9. 


EXAMINATION OF SAMPLES AFTER 
FAILURE 


It was found early in the investigation 
that failures may occur in several ways. 
The importance of making and recording 
“post-mortem” examinations in such a 
study cannot be overemphasized as a 
means of learning how and why failures 
occur. 

For convenience failures are grouped 
into four types: 


Type 1 represents arc-over or creepage fail- 
ure between the inside surface of the spark 
plug well and the outside surface of the 
terminal sleeve. 


Type 2 represents arc-over or creepage fail- 
ure between the inside surface of the ter- 
minal sleeve and the surface of the ignition 
cable. 


Type 3 represents puncture of the cable 
under the gasket. 


Table II 


Forty-Six Neoprene-Sheathed Cables 


Test Variations 


Effect 


Operating conditions: 


MeV ONCGRE, ciacisst Aes pieetts 12.7 ky peak; electronic interrupter 
2. Altitude................47,000 feet (ten centimeters pressure) 
See LEDIPGESUOTE. «oo. . ce es 350 F maximtm (at plug elbow) 

A ue OIIE TE oN) ZS iela wale Glad Hourly, heat only 

Components: 

dma blege treme tlaa es sc All neoprene-sheathed: 


Five mm (six types) 


Seven mm (eight types) 


ENV aos Cone iets aa, birhis Se Some types markedly superior 


Po a es oe a ol rag oe \ Sree 0 Su! cation Oo ROk to Gy No significant differences 
/1s inch Mycalex 
3. Grommets and boots*...Appropriate to cables and terminal sleeves*...No significant differences 
4, Filling compounds....... None, or one of three types organic semisolid... No significant differences 
SeeSpark pities* ¥ sn, . cvs 2 REE y Pe aIvCL are Phage © ne ccc a chobhetete et ne Haid os, creas cia opeeieig 3 tie a hlaNls se 


*One additional sample (not plotted) run without grommet lasted 1.2 hours. 


**In the course of running this group the nitrogen pressure was reduced from 400 pounds to 25 pounds and 


the plug electrodes machined off to prevent firing. 
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Figure 8. Laboratory installation showing recording and control 
instruments 


Type 4 represents puncture of the cable 
anywhere back of the gasket. 


These failure types are illustrated in 
Figure 2. When the track or puncture 
is not visible, it can often be detected 
very readily by the use of a high-fre- 
quency spark coil (such as glass blowers 
use for detecting leaks in high-vacuum 
systems); the discharge from this travels 
visibly but harmlessly to any conducting 
path or puncture. 


Experimental—Early Results 


The major problem facing the investi- 
gation at its inception was the fixing of 
the many variables involved in test 
conditions and component parts of the 
simulated ignition assembly. The early 
results, all obtained before the standard 
cycling procedure was finally devised, 
fall naturally into two groups. 


LACQUERED-BRAID CABLES 


Tlie first tests were made on conven- 
tional ignition cables of the construc- 
tion represented in Figure 3A. During 
this group of runs many variations of 
procedure and assembly components 
were used. These are summarized in 
Table I and the results on test life are 
plotted in Figure 10, curve 1. 

No lacquered-braid cable withstood 
more than 22 hours of this treatment, as 
Figure 10, curve 1, indicates. In general, 
the failed samples exhibited very close 
resemblance to samples which had failed 
in actual high-altitude engine tests, the 
cotton braid being badly charred and 
the lacquer coating blistered and decom- 
posed in the high-temperature region of 
the plug well. It was evident that this 
decomposition was caused by tracking as 
much as by the externally applied heat. 
Of all failures, approximately 60 per cent 
were due to arc-over and tracking, and 
40 per cent to cable punctures. 


NEOPRENE-SHEATHED CABLES 


Because of the results summarized 
in Table I, subsequent experiments were 
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Figure 9. Pressure, temperature, and voltage 
records for automatically controlled sjmu- 
lated-high-altitude tester 


run at constant voltage (12.7 kv peak) 
from a single source (electronic inter- 
rupter) and at constant altitude (47,000 
feet). The maximum temperature meas- 
ured at the elbow was set at 350 degrees 
Fahrenheit and a time switch installed to 
turn the heaters on for one hour then off 
for an hour continuously. This cycling, 
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producing expansion and contraction of. 
the connector assemblies, is a severe test 
of the effectiveness of connector sealing. 

The neoprene-sheathed cables, though 
varying from type to type, immediately 
exhibited their inherent superiority. The 
variables of operation during this second 
group of tests is summarized in Table II, 
and the results plotted in Figure 10, curve 
2. Most of the cables conform to the 
construction pictured in Figure 3B. 

The superiority of the neoprene- 
sheathed cables, exhibited strikingly in 


Figure 10. Test life of lacquered-braid and neoprene-sheathed cables—early results 


PER CENT OF SAMPLES STILL 
GOOD AT TIME INDICATED 
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50 
HOURS ON TEST (LOG SCALE) 


Curves 1: 
©—Lacquer - braid 
arc-over failures (24) 
@®—Lacquer - braid 
cable failures (18) 


Curves 9: 

e—Neoprene- 

sheathed _—_arc-over 
failures (26) 


sheathed cable fail- 
ures (20) 


Race, Ross—Simulated-High-A ltitude Testing 
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Figure 11 


A and B—Standard five-millimeter terminal ; 


assemblies 
‘C—Integral boot and grommet connector 

assembly 
D—Improved composite terminal assembly 


Figure 10, curve 2, is the result of three 5 


major factors. First is the elimination 
of the cotton braid, which, we have seen, 


‘is a notable source of tracking failures, 


either through moisture absorption or 
gradual carbonization from arce-over or 
external heat. It is of interest in this 
connection that cables lacquered directly 
over the rubber insulation behave rather 
well on this test, one sample lasting 65 
hours. However, this construction is 
mechanically undesirable, the lacquer 
pulling loose from the rubber on bending 
or stretching. It would seem best to 
eliminate braids altogether, but this is 
not satisfactory for other reasons. 
particular, a braid is~ required to 
strengthen the cable against horizontal 
tension encountered in re-wiring harness. 
Seventeen samples of neoprene-sheathed 
cable without braid were tested with 
promising results on electrical life, but 
these are all subject to injury on pulling, 
the insulation tending to stretch loose 
from the core. The open-mesh glass 
braid shown in Figure 3B appears to be 
the best compromise. 

In the second place, the inherent heat 
and ozone resistance of the best quality 
neoprene sheaths exhibits itself to ad- 
vantage in this set of tests. 

Finally, the construction of this cable 
is better suited to proper sealing of the 
spark-plug well. The open-mesh~ glass 
braid is well imbedded in the insulation 
during the vulcanization process and in 
some makes was found to be thoroughly 
sealed. 

Other matters, for example the prob- 
lem of sealing the insulation to the con- 
ductor to prevent internal voids and con- 
sequent corona, are common to both 
cable types. The details of their con- 
struction have been discussed elsewhere.* 


DISCUSSION 


We may conclude, then, from this sur- 
vey, that the simulated-altitude test is 
capable of producing rapid failures of 
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Figure 12. Test life of five-millimeter lac- 
quered-braid cables 


Standard cycling procedure 


inferior ignition assemblies which re- 
semble those found in actual operation; 
that the electronic interrupter used is a 
satisfactory substitute for the aircraft 
magneto (which would require excessive 
servicing for continuous laboratory opera- 
tion); and that cycling of temperature 
is essential in reproducing one of the 
drastic conditions of aircraft operation. 

Although there are marked differences 
between different makes, a good neoprene- 
sheathed cable should outlive the best 
lacquered-braid cable by a large margin. 
Sealing of the connector by some type of 
grommet is essential, and there is room 
for considerable improvement in the 
effective life of available grommets. This 
is demonstrated by the wide scattering 
of arc-over failures (types 1 and 2) ex- 
hibited in Figure 10. The nature of this 
sealing compound or its absence seems to 
be secondary to the effectiveness of the 
seal and more or less independent of it 
(the two best assemblies using neoprene- 
sheathed cable had no filling compound). 
All terminal sleeves tested were inorganic, 
and no differences could be demon- 
strated between the various types. It was 
noticed, incidentally, that many spark 
plugs were found to leak air at the con- 
clusion of the test period. This is said, 
however, not to occur very frequently 
in actual operation. 


Experimental—Results on Standard 
Cycle 


COMPOSITE TERMINALS 


The experiments previously discussed 
have demonstrated that with all types 
of available connector assemblies the 
majority of failures are caused by arc- 
over (types 1 and 2). To eliminate the 
type-2 failures a terminal was designed 
for five-millimeter cables in which the 
neoprene adapter boot, the grommet, 
and the Mycalex terminal sleeve were 
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molded integrally, the boot being firmly 
bonded to the interior of the inorganic 
sleeve. Later this was improved by 
including a copper-ring washer molded 
into the grommet to give better electrical 
contact (for better radio shielding) and 
to relieve the soft neoprene grommet of 
abuse caused by cycling of temperature 
or by removing and replacing the con- 
nector incidental to inspection and serv- 
ice. This improved design is shown in 


Figure 11 in comparison with three other - 


types of connector assembly. As sub- 
sequent data demonstrate, it materially 
reduces the number of arc-over failures. 


FIveE-MILLIMETER CABLES 


Both lacquered-braid and neoprene- 
sheathed types were tested according 
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HOURS ON TEST (LOG SCALE) 


PERCENT OF SAMPLES STILL GOOD AT 
SPECIFIED TIME (PROBABILITY SCALE) 


Figure 14. Distribution plots—test life of 
five-millimeter lacquered-braid and neoprene- 
sheathed cables with composite terminals 


1—Lacquer-braid cables 
9—Neoprene-sheath cables 
©—Cable failures 
®—Arc-over failures 


to the standard cycling procedure, using 
four different types of terminal: 


(a). Standard adapter boot plus grommet 
(Figure 11A and B). 

(6). Boot and grommet molded integrally 
(Figure 11C). 

(c). 
(d). Composite terminal with copper gas- 
ket (Figure 11D). 


Composite terminal. 
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———— 


6) COMPOSITE 
TERM. NO.3 


Figure 13. Test life of five-millimeter neo- 
prene-sheathed cables 


Standard cycling procedure 


The results of the tests for lacquered- 
braid cables are given in Figure 12 and — 
for neoprene-sheathed cables in Figure 13. 

In these charts the length of each bar 
is proportional to the logarithm of the 


‘test life for the sample numbered in the 


left-hand column. The type of failure is 
indicated by a number at the end of the 
bat, these having the same significance 
as the failure types indicated in Figure 2. 
Type P represents a spark-plug failure. 

In several of these assemblies, it was 
possible to continue testing after a spark- 
plug failure by replacing the defective 
plug, and after a type 1 failure by clean- 
ing the terminal sleeve and plug well and 
renewing the filling compound. Tests 
marked ‘‘cracked terminal’? were made 
with defective experimental terminals 
and actually failed by tracking along a 
crack in the Mycalex sleeve. 

The superiority of the mneoprene- 
sheathed cables is indicated by examina- 
tion of Figures 12 and 13, and there is a 
striking improvement of the lacquered- 
braid cables when made up with com- 
posite terminals. A comparison of neo- 
prene-sheathed and  lacquered-braid 
cables assembled with composite termi- 
nals may be made by plotting the life 
times of all samples tested to com- 
pletion (omitting those which failed 
because of cracked terminals) as in Figure 
14. The two curves are linear and paral- 
lel so that their displacement (0.52 log 
units) permits us to say that the life ex- 
pectancy of a neoprene-sheathed cable is 
approximately 31/; times that of a 
lacquered-braid cable under these condi- 
tions. 


SEVEN-MILLIMETER CABLES 


The results of 18 tests on seven-milli- 
meter cables (which are too large in cross 
section to permit the use of boots or com- 
posite terminals) give an equally favor- 
able comparison for neoprene-sheathed 
cables as against lacquered-braid cables. 
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auxiliary lighting during daytime 


operation of aircraft, as the daylight is all 
that is necessary for adequate lighting 


of the cabin, cockpit, and landing and 
take-off fields. Artificial light may be 
required in order to perform successfully 


the duties of aircraft operation during 


- about 60 per cent of the 24-hour period. 


_ Though normal daylight may be effective 


for more than 50 per cent of the day 
throughout the year, actually artificial 
lighting is required at the dawn and dusk 


_ periods inasmuch as the normal amount 


of daylight is not adequate. 


Tt is: ob- 
vious of course that it is highly impracti- 
cal to provide over-all lighting to dupli- 
cate daylight. Therefore, localized arti- 
ficial lighting is the best approach to the 
problem. With proper illumination in 


_ the cockpit, however, normal operating 
conditions are carried out equivalent to. 


those of daylight hours. Artificial light- 
ing is definitely needed so that all func- 
tions can be accomplished without delay 
during the hours of darkness. 

When the air-transport industry was 
in its infancy, night operation was a 


Paper 45-6, recommended by the AIEE committee 
on air transportation for presentation at the AIEE 
winter technical meeting, New York, N. Y., Janu- 
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thing talked about but not accomplished 
On the early airplanes landing lights or 
cabin lighting were not installed. It is 
interesting to look back at some of the 
early history. In several of the periodi- 
cals of the early days much was made of 
the night-flying experiments of the 
air mail. 

An early attempt at night flying was 


made between Cheyenne and Chicago 


in 1921 by pilot Jack Knight of the air- 
mail service. The first night-flying sec- 


tion of the air mail was set up in 1923 - 


in order to complete a regular coast-to- 
coast operation without interruption for 
darkness. The night route was’ between 
Chicago and Cheyenne. It is interesting 
to note that much is made in the histori- 
cal records of the fact that Air-Mail 
Pilot H. T. Lewis spent considerable time 
with General Electric Company engi- 
neers devising and producing a new and 
satisfactory type of “wing headlight’ 
(which was carried on the tip of the air- 
plane wing) for the use of airplanes about 
to make a landing at night. Of further 
interest, in 1926 one of the highlights of 
one manufacturer’s description of the 
characteristics of his craft was that it was 
“complete with night-flying equipment 
including landing lights, running lights, 
CtG-aaest 

Even of cabin lighting we find little use 
in the early days. An interesting adver- 
tisement of an airplane in the early 20’s 
advised that, “the cabin is an inclosed 
limousine body fitted up luxuriously with 
individual chairs, a spacious aisle, ‘dome 


The majority of the failures (12 out of 15) 
were arc-over types but four of the neo- 
prene-sheathed assemblies had not failed 
after 400 hours and two were still running 
after 500 hours of test. The longest- 
lived lacquered-braid cable ran 92.2 
hours. 


FILLED LEADS 


Twelve sets of this type were tested 
according to the standard procedure. 
One group of six gave entirely arc-over 
failures between 23.5 and 84.0 hours. 
Another group of three (with other ter- 
minal assemblies) had excellent test 
lives, one failing by puncture after 252 
hours, the other two still running at 675 
hours when the test was discontinued. 
Only one short-time puncture (87.7 
hours) was encountered. Evidently with 
suitable terminal fittings these leads 
have considerable promise. 
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A. Flight Sperstiones! 
Landing lights. 
Navigation lights. 

Cockpit 
Instruments. 
Over-all. 


Cabin s 
Passenger comfort. 
Attendant service. ; 


Ground servicing 

Loading 
and cargo. 

Aircraft servicing. 
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EFFECT WHEN LINE 
OF VISION IS DIRECT 
IN LINE WITH LIGHT 
“TUNNEL” 


VISION 


Figure 1. Present nose landing lights 


Conclusions 


The simulated-altitude test equip- 
ment is a means for reproducing certain 
aspects of actual flight conditions. In 
this way it has exposed weaknesses in 
cables and connector assemblies which 
might not otherwise have been so readily 
understood or remedied. It has shown 
the necessity for sealing spark-plug wells 
and has led to an improved terminal 
construction. The superiority of neo- 
prene-sheathed over lacquered-braid ig- 
nition cables has been amply demon- 
strated. 

Even for the best types of assembly 
prepared so far the variability of results 
is great (roughly a ten-to-one ratio in 
test life), and this indicates a need for 
new insulating and gasketing materials 
and for improved design of component 
parts. 


Davies—Atrcraft Illumination 


The simulated-altitude test is not a 
substitute for regular specification test- 
ing for acceptance or manufacturing con- 
trol, but, rather, a useful adjunct to them, 
However, its most valuable function is to 
give information on newly designed 
assemblies in advance of actual engine 
tests. The development of new insulat- 
ing materials or of new cable or connector 
constructions can certainly be accelerated 
through its use. 
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(a). 


_ Lanpine Licuts 


The present functions of the landing 
lights are: ie 


To aid the performance of the landing 
by lighting the immediate landing path for 


_ the pilot. 


(b). To identify the airplane in the 
Maneuver and approach by means of the 


_ lighted landing lights. These are turned on 


several miles from the field to avoid col- 
lision with other aircraft. 


Landing lights generally have bbeh 
positioned in either the nose or the wing. 
Although the positioning of the lights 


B-B 
EFFECT WHEN LINE 
OF VISION. IS ACROSS 
LIGHT BEAM IN SNOW 
OR RAIN CONDITION 


VISION 


Figure 2. Present wing landing lights 


in the nose¢ satisfies both of the afore- 
mentioned desired functions, there is a 
definite objection to their use in fog, or 
snow, orrain. The light is reflected from 


the individual particles and in effect de- | 


tracts from what can be seen through 
the beam, that is, when one is looking 
directly down the beam or ‘‘tunnel of 
light.”” See Figure 1. This is very un- 
desirable, and the author knows of no 
satisfactory solution which is immedi- 
ately available. 
an approach has been made in bad 
weather conditions, and the pilot has been 
able to see a good portion of the sur- 
rounding obstructions and outline of the 
major objects about the field with the 
lights off. However, as soon as the 
lights have been snapped on, he is un- 
able to see more than a few feet beyond 
the airplane. It has been found, how- 
ever, that this condition can be improved 
materially when the lights are located in 
the wing some distance outboard from 
the fuselage. This can be explained best 
by reference to Figure 2. When the pilot 
is making the landing, if the left landing 
light is shut off, he in effect looks through 
and not down the opposite beam of light 
and does not get the direct reflection of 
light upon the particles of snow, fog, or 
rain. By passing the line of vision then, 
across the light beam, the runway and 
small objects on it can be seen with less 
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Actually, in many cases | 


Pe eRe ne 


difficulty than when one is looking | 


straight down a “‘tunnel of light” which 
normally would be formed by the nose 
lights. 

Experience hee indicated that prob- 


‘ably the best direction for the beams of 


wing landing lights is as shown in Figure 
2, that is, with the left landing light, or 
pilot’s light, pointing ahead so that light 
is best for the pilot, and the right landing 
light, or copilot’s light, converging on the 
same spot. The main advantage of this 
is to protect the pilot’s vision for all 
conditions of the operation. As example, 


_ in the event of a failure of either light, 


the lighted portion of the runway would 
be the same in either case. It is appre- 
ciated, however, that this is a compromise 
condition as this is an undesirable situa- 
tion from the standpoint of the copilot. 
Several cases have been encountered, 
however, of lights burning out at the time 
of landing, and some protection must be 
given. One possibility is to direct both 
lights as shown in Figure 3 giving a 
wider spot on the runway; giving good 


HI 


Figure 3. Proposed wing landing lights (with 
lamp burnout protection) 


landing light for both the pilot’s and co- 
pilot’s position; and incorporating within 
each landing light an automatic lamp 
changer of the type that is used in airway 
beacons at the present time. The unit 
could be such that it incorporates two 
lamps located on a rotary device, so that 
at the time one lamp would give out a 
control circuit would be closed auto- 
matically, actuating the device and swing- 
ing the second lamp into position. 
United Air Lines has felt for some time 
that the use of a _ sealed-beam-type 
landing light would afford some major 
benefit and have suggested this to the 
Civil Aeronautics Authority for further 
study. At the present time with the 
normal filament and parabolic reflector it 
is difficult to obtain a sharp cutoff or 
channel of light, as there is considerable 
dispersion around the outside of the 
beam of light. Channeling could be 
accomplished, of course, by the means of 
a long cylinder projecting forward from 
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the landing light, but this j is impractical, 
The engineering section of United Ade 
Lines has conducted some tests using a _ 
grid close to the lens of the light itself, | 
with the grid surface blackened to prevent — 
reflection and thus limit the dispersion. 4 
The grid used in this manner channels’ ig 
the light so that the beam itself has a it: 
sharp cutoff and projects directly to ‘the S, 
place to be illuminated. There are cases, — 
however, where dispersed light or ee 
general over-all effect may be desirable. — 
By utilizing the sealed-beam principle | 
the two filaments could be placed in the 
landing light where one could be used with _ 
a grid or some similar unit for pounded : 
channeling, and the other used as a dis- 
persed light. These could be controlled | 
individually from the cockpit so that the © 
pilot could choose between a sharp chan- — 4 
neled light for both landing lights or a 
dispersed one, or could have one landing 
light with the positive channel beam — 
and the other with a dispersed light. 
Intensity of illumination of the present 
landing lights probably has been ade- 
quate in the past. However, with in- 
creased operation both in terms of volume | 
and number of aircraft coming into an 
airport, and with the possibility of im- 
proved landing equipment permitting 
operation in more inclement weather, 
considerable comment has been expressed 
as to the need of landing lights with — 
greater intensity. The author cannot 


Positive ribbon lighting for airport 
runway 


Figure 4. 


agree with this statement in its entirety. 
Discussions with many pilots have indi- 
cated that the need for additional illu- 
mination for the landing operation is 
required simply because there is a lack 
of adequate illumination on the ground. 
Therefore, it appears that a better solu- 
tion would be found by completely light- 
ing up the runway so that it glowed as a 
ribbon with no reflections. The general 
characteristics of the landing lights with 
respect to-intensity, then, could remain 
as they are atthe present. See Figure 4. 
This would eliminate the need of carry- 
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Shite added weight in the form He re 


tional electric power and larger landing 
lights aboard the aircraft. 
> Rotating-type landing lights or landing 


lights that may be swung fore and aft 


pared to the stationary type. 
_ stationary landing lights, which are al- 
- ways in the same position with respect to 
the airplane, a pilot in landing can judge 


as the means of locating the light just 
where it is desired have been suggested 


and used. Although there may be some 
4 advantage in some special operations or 


conditions for such a light, it is believed 
there is one major disadvantage as com- 
With the 


his distance above the ground and in 
effect get a rough measure of the attitude 
of his airplane to aid him in making the 


landing. With the rotatable light, un- 


less it is stopped at the same place all of 
the time, he can establish no definite 
relationship between the light spot on the 


runway and the airplane. 


Suggestions have been made that a 
taxi light, that is, a light essentially in the 


fuselage or in the wing that would illu- 


minate objects on either side of the air- 
plane would be desirable. One thought 
advanced was to incorporate additional 
elements in the main landing light which 
could be designed to act as a taxi light 
and could be controlled individually 
from the cockpit. Although in_ prin- 
ciple this may be a good idea, it still 
appears that the sounder approach would 
be to illuminate all of the objects on the 
ground at the airport, and keep as much 
lighting equipment out of the airplane 
as possible. 


NAVIGATION LIGHTS 


At the present time all commercial 
aircraft incorporate standard wing-tip 
lights and taillights. Further, what 
might have been termed “‘safety lights” 
have been added and incorporated with 
the existing running or navigation lights. 
This includes the addition of one tail- 
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mechanism which causes them to flash 


on and off at frequent intervals. They 
were installed primarily for the purpose 
of identity and recognition in order to 
avoid possible collisions, and, although 
they have been fraternally referred to as 
“Christmas-tree”’ lights, it is the opinion 
of the author that they serve a very defi- 
nite useful purpose and contribute 
considerably to the safety of night flying. 
Reference to Figure 5 shows the general 


_ characteristics of the running lights on 


the average commercial transport. 

The actual value of the flashing lights 
is to avoid collision, and their real use 
comes in contact flying and slight over- 
cast conditions, particularly in a heavily 
trafficked area about an airport. In 
instrument weather aircraft normally are 
controlled at greater distances from each 
other, and the flashing lights are not so 
much needed then. Actually no equip- 
ment is available to make such lights 
capable of penetrating overcast condi- 
tions. 

The wing-tip lights give satisfactory 
identification for an airplane when one is 
approaching it from the front. At 
present, however, they do not give very 
good coverage to the three quarters 
rear. This is a condition that warrants 
improvement. Flashing taillights, how- 
ever, do give a very reasonable indication 
of the presence of an aircraft to any one 
approaching from behind. One sugges- 
tion has been made, however, that, if a 
standard spacing were made between 
the white light and the red light on the 
tail, by constant use pilots soon would 
become accustomed to judging the dis- 
tance they were away from an airplane 
by the apparent relationship of the two 
lights; that is, if the lights appeared to 
be very close together, they would know 
they were a far distance apart; and, con- 
trary, if the lights were a considerable 


Figure 5 (left). Present navi- 
type 


AMBER ——> 


gation lights—flashing 


Figure 6 (right). 
Proposed navigation 


l lights—flashing type 
A with wing and_ tail 
== having greater angu- 
== 8 
WS lar coverage 
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ably standard distance between lights. 


an installation. I 
single, twin, and triple 
confuse the establishment of a 


One objection to the flashing lights has 
been the effect in mist or overcast. When 
the airplane is being operated in an 
overcast condition with te belly and top | 
lights flashing, there -is intermittent 
light and darkness in the ‘cockpit and 
cabin, due to the reflection of the flash- 
ing light on the overcast. This, of course, 
is not all that might be desired. Some 
scheme similar to that shown in Figure 6 
might be adopted. Elimination of the 
belly and top lights and redesign of tip 
lights and taillights with the flashing 
principle still retained would give ade- — 
quate coverage, so that the lights could be 
seen from all angles by approaching air- — 
craft, and yet would keep the glow effect — 
in an overcast condition far enough 
away so that it would not affect too 
greatly the cabin or cockpit. 
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Cockpit . { 


Lighting of the cockpit may be con- 
sidered under two major classifications. 


GENERAL OR GROUND CHECK 


There is a general need for over-all 
illumination of the cockpit primarily for 
use in checking the controls and the ~ 
instruments prior to takeoff and after : 
landing. There may be some use for — 
general over-all lighting in en-route 
operation, but it is infrequent, and its © 
prime use will be prior to actual flight. — 
It is important that the installation of 
over-all lighting satisfy the full sense 
of the definition, that is, illuminate ade__ 
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if 


where any controls, ao dials, instru- 
P ments, or equipment of similar nature 
are located. Present cockpits have lights 
4 located at various points which, although 
they may give adequate light within a 
short distance of the source, do not give 
the necessary amount of light to another 
section of the cockpit that might well 
_ justify a minute inspection prior to opera- 
tion of the aircraft. Further, there is a 
_ certain amount of paper work in the form 
_ of charts, records, and logs which the 
~ crew must fill in or refer to, and adequate 
4 light must be available for this purpose. 


_ EN-ROUTE OPERATION 

4 In en-route operation there are two 

E considerations, namely: 

(a). Adequate lighting of the instruments 

at all times. 

(0). Auxiliary or spot lighting for the pur- 

pose of recording data, reading charts, or 

plotting of the course by either the pilot or 

copilot. 

With respect to instrument lighting, it 

- is very definitely desired that some form 

of indirect lighting of the instruments be 

accomplished. At present, with the 
dimming type of partial over-all lights 
-which throw the light directly on several 

instruments the degree of illumination 
is not the same for each particular instru- 
ment. This is undesirable, because some 
of the instruments then become easier to 
read than others. It is essential that all 
instruments be lighted to the same de- 
gree and that the intensity can be 


Figure 7. Average lighting relationship of 
existing instrument panels 


changed by means of a suitable rheostat 
control to either ‘‘full off” or “full on,” 
or, to any desired degree of illumination 
between the two extreme points. Figure 
7 shows a tone relationship or an illumina- 
tion relationship between instrument 
lighting in an existing transport cockpit. 
Figure 8 shows what is desired. It is 
appreciated that the use of individual in- 
strument lighting by means of direct 
methods adds considerable complication 
to the electric system in the cockpit, and 
service experience to date has not been 
very good on the individual elements. of 
such installations. However, it is be- 
lieved that in principle this method is 
sound and that efforts to accomplish these 
desired results should not be relaxed. 

One of the objections to the partial 
type of over-all lights which have been 
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‘ feat for lighting ae? instrument. panel 


has been the bad reflection on the instru- 
ment-panel glass, and on the cockpit 
windshield as well. Tests conducted 
using a special coating on instrument 


glasses and on the windshield have indi- 


cated that this condition is well along 
toward being corrected. Such an im- 
provement would eliminate one of the 
objections of partial over-all lighting of 
the instruments. 

At the present time many commercial 
cockpits are equipped with an auxiliary 
source of light such as a spotlight. This 
light is for the purpose of controlling a 
spot of light for use by either the pilot or 
copilot, so that accurate reading of 
charts, plotting of course, or other neces- 
sary paper work can be accomplished. 
This may be done either by the pilot or 


Figure 8. Desired even lighting relationship 
of instrument panel 


copilot and should be so designed that 
it does not interfere with the other’s 
vision in flying the craft. It appears 
relatively simple to shield the source of 
light so that it does not attract the atten- 
tion of the crew member not using it, but 
no satisfactory means has yet been found 
for controlling the illumination of the 
cockpit or glare caused by the reflection 
of the spotlight on the light-colored charts 
or papers being sttidied or analyzed. 

In order to eliminate some of these 
difficulties of spot lighting as well as to 
improve over-all cockpit lighting, con- 
siderable study has been made with the 
use of fluorescent lights. This may offer 
very definite advantages and spot sources 
of ultraviolet perhaps can be used for 
lighting charts and records, outlined or 
drawn with fluorescent active material. 
Some experiments have indicated that 
this may give adequate legibility to the 
charts or course maps and still not cause 


undesirable illumination for the member , 


of the cockpit crew who is not using the 
chart. It is also believed that by intelli- 
gent positioning of the spotlights they 
could serve a dual purpose of giving both 
adequate over-all light when desired 
and the ultraviolet spot as needed. This 
can be accomplished simply by using an 
ultraviolet filter (as already has been 
accomplished in many places) in con- 
junction with the main source of light. 
Such a scheme offers the optional use of 
full lighting or a control spot lighting. 

Still another problem in this considera- 
tion of cockpit lighting has been that of 
having satisfactory illumination within 
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the cockpit and still not adversely eateees 


ing vision outside of the cockpit rater > 


night operation. At the present during 


a 


night operation and even with the cockpit 


instrument lights at a low level so that 
just the indications are discernible, it 
still takes the pilot a short time to ac- 
climatize his eyes that he can have ade- — 
quate night vision when looking out of 
the cockpit. Many studies are being 
made at the present in an effort to im- 


prove this situation such as the use of — 


” 


red light which will give good illumina-_ ie 
tion to the instruments themselves and R 


still not affect the so-called night vision, 
thus permitting the pilot to see equally 


well inside the cockpit and outside of the — 


cockpit. 

Although present experiments using 
ultraviolet light for activating fluores- 
cent materials or instruments have not 
proved entirely successful to date, this 
may offer a means of obtaining ade- 
quately lighted instruments without the 
need of complicated | indirect-lighting 
means for each individual instrument. 
It must be borne in mind, however, that 
it is very desirable to be able to change 
the degree of brilliancy of the instrument 
lighting dependent upon the apie ~ 
conditions en route. 


Cabin 


Although passenger-cabin lighting has 
improved considerably over that in the 
past, much of the same problem still 
exists as in the cockpit lighting, and that 
is the matter of getting the available 
light in the right places and eliminating 
undesirable glare. With overhead light- 
ing or what has sometimes been re- 
ferred to as dome lighting, bright source 
spots can be reduced materially and 
probably can be eliminated altogether 
by the use of indirect or alcove lights. 
This is very definitely desirable. The 
main light in the cabin is then dependent 
upon reflection from light-colored sur- 
faces in the cabin interior. This is also 
advantageous from the point of adequate 
light in the daytime, and much is to be 
gained from this arrangement. Over-all 
lighting at night is primarily for loading 
and unloading of passengers and ground 
operation and has a value at the start 
of the flight to permit the stewardesses 
and passengers to get generally settled 
before the beginning of the flight. In 
addition it is necessary when meals are 
being served. 

In a day airplane or sleeper airplane, 
particularly when the latter does not 
have full partitions, some of the pas- 
sengers may desire to sleep while others 
may desire to read or talk with one 
another. Some means of auxiliary or 
spot lighting, which we have called read- 
ing lights in the past, is necessary. One 
of the biggest objections has been that 
both the source of light and the projec- 
tion of light to the paper or book being 
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Figure 9. Possibilities for reading lights 


‘read cause undesirable reflections to 
the individual not using the light. 


_ Another objection has been that the 


positioning of the source of light has not 


_ always been made so as to give the most 


_ efficient utilization of it for the person who 
wishes to use it. 

Some suggestions as to possibilities with 
auxiliary or reading lights in the cabin 
are shown in Figure 9. It is appreciated 
that any one of these suggestions does 
not solve all of the difficulties. How- 
_ ever, it should be pointed out that pas- 
senger business is still to be an important 
source of revenue of the air-transport 
_ companies for some time. to come, and an 

intelligent solution to this problem is 
definitely needed. 
An additional type of lighting required 
in the cabin is that for servicing, or, 
stated in another manner, the furnishing 
of additional light at the crew attendant’s 
quarters so that the attendant’s work 
can be accomplished properly. Use of 
lights in some present commercial trans- 
ports, although properly shielded at the 
light source, have still been so located 
that they have permitted a considerable 
amount of reflection, which has the 
effect of indirectly lighting a good portion 
of the cabin close to the service quarters. 
This has proved very undesirable to 
those people who are seated close to the 
service quarters. It is appreciated that 
this problem is further complicated, be- 
cause usually at service quarters light- 
covered shiny surfaced materials are 
used. It is believed, however, that 
attention again should be paid to the use 
of over-all or indirect lighting in the 
service quarters when the entire section 
is being used for the serving of food or 
handling of equipment. A_ separate 
source for auxiliary or spot lighting should 
be provided for the use of the attendant 
to accomplish paper work or other jobs 
that do not require the full utilization 
of the service quarters. 
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probably will be used, segregating them 
entirely by means of partitions. This will 
aid in keeping light from disturbing other 
It is believed, however, that 


passengers. 
the same general principles still apply. 


Ground Servicing 


LOADING AND UNLOADING—PASSENGERS 
AND CARGO 


It is believed that in general a sound 
principle of aircraft design is to develop 
the airplane to’ be a self-sufficient unit 
independent as much as possible of 
ground equipment. There are several 
places, however, where it is desirable 
to make exceptions to this rule, particu- 
larly where the weight or complication 
of the equipment on board the airplane 
is necessary only for the job to be done 
on the ground, and therefore becomes a 
handicap toward the efficient operation 
of the airplane in flight. If the equip- 
ment is necessary, however, for flight 
as in the case of a heating system, it then 
becomes desirable, if at all possible, to 
design the system so that it can handle 
the ground problems adequately. 

In the case of lighting, however, for 
loading and unloading of passengers and 
cargo, this does not hold true for the 
operation performed outside of the air- 
plane. 
for operation in flight, there is no need 
for special lights being installed in or at 
the airplane door which would be used 
for the purpose of lighting the platform 
of the loading stand. This latter type 
of light is used only when passengers are. 
getting on and off the airplane and un- 
doubtedly would have no use while en 
route. Therefore, it is more practical 
to put the light itself on the passenger 
loading stand. Spotlights or small floods 
(which have been suggested), placed in 
the door or lower portion of the door 
jamb of the airplane and utilized only at 
the time of loading and unloading pas- 
sengers, are unsatisfactory, and a finer 
job can be done when the same lights are 
built into the loading stand. 

The same principle applies with respect 
to loading and unloading cargo from the 


, door of the airplane to the loading equip- 
‘ment. The light should be placed on the 


loading equipment, not in the door of the 
airplane or on the door jamb. However, it 
is definitely necessary and desirable that 
adequate light be provided within the 
cargo compartment of the airplane it- 
self, as this is necessary to permit proper 
stowing of cargo. Also to identify and 
read waybills on individual shipments. 
Such lighting cannot be accomplished 
satisfactorily from an outside ground 
source, and can best be done by design 
within the airplane. One point of in- 
terest here is that on passenger loading 
and unloading equipment, lights should 
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If the cabin is lighted adequately. 


PASSENGER LOADING 
LIGHTING 


| 
Figure 10. Cargo-compartment lighting, — 
eid lighting, and passenger-loading - ? 

lighting + 


be so low as to light the path adequately | 
and yet not have the passenger’s shadow — 
block the vision of steps and ground or 
loading ramp obstructions. In cargo 
loading and unloading equipment, and | 
in the cargo compartments themselves, it © 
is desirable that the light source be both 
high and low, that is, in the form of flood — 
or indirect lighting, so that adequate — 
light will be available so that all ob- — 
structions, steps, and so forth, can be © 
seen, in addition to giving adequate light _ 
at any height for the proper handling 
and stowing of cargo. See Figure 10. 


AIRCRAFT SERVICING 


The same general principles as out- 
lined for loading and unloading opera- | 
tions apply to the servicing of a'rplanes | 
at the terminal station. The lighting — 
should be accomplished on the ground, 
and the airplane should not be handi- 
capped with the weight of lighting equip- 
ment to satisfy the ground operation. It 
is believed that one of the best methods is 
to incorporate low-powered floodlights 
which in effect would ‘bathe’ with a 
relatively low illumination those portions 
of the airplane normally requiring serv- 
ice. This would be adequate for inspec- 
tion and simple servicing procedures, but 
not bright enough to cause glare or make 
working about the craft difficult. It is 
further believed that these lights should 
be of a lower intensity than the lighting 
required for cargo-handling equipment. 

It has been suggested that these lights 
be of the flush type built directly into 
the ramp or apron about the terminal. 
Although this is most desirable from a 
functional or operating point of view, it 
is appreciated that there are many prob- 
lems, such as adequate sealing, that must 
be overcome. The principle, however, 
is considered as being worthy of further 
study. 
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Shafts by Large Propellers. 
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Synopsis: D-c machines often are employed 
in ship-propulsion drives where maneuvera- 


will tend to flow. This load current and 
the corresponding load torque will tend 


es Motors on Vibrations Produced in Drive 


bility and a wide speed range are required. 
_ The d-c machine also has the advantage of 
serving as a source of damping if propeller 
_ pulsation should coincide with the natural 
frequency at some speed. This damping 
_ force arises because of the fact that any 
x change in speed of the motor will cause a 
_ corresponding change in load current and 
_ torque. This torque change acts to oppose 

the original speed change, thus providing an 
_ effective damping force. The necessary 
/ equations and circuits are developed for 

calculating this damping effect and an illus- 
_ trative calculation is included with actual 
_ test values for comparison. 
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T IS occasionally necessary to deter- 
mine the magnitude of torsional vi- 

- bration in a system running at one of its 
critical speeds. To do so requires a 
knowledge of all the damping sources 
within the system and their magnitudes. 
Typical damping sources are hysteresis 
damping in the shaft and friction and 
viscous damping in the system. If the 
system includes a d-c machine, this will 
also serve as an important damping 
source and limit the vibration magni- 
tudes. An example of such a system is 
an electric ship-propulsion drive. Here 
the d-c machine is frequently used be- 
cause of its ease of speed control over a 
wide range. However, operation may 
occur at the natural frequency, where 
propeller vibrations may set up abnormal 
stresses in the shafting. If investigation 
shows the damping to be large enough, 
the necessity of changing the natural fre- 
quency by an uneconomical redesign of 
the mass-elastic system may be avoided. 
The damping force in a d-c machine is 
similar in behavior to a viscous damping 
force, being proportional to the speed, 
though the origin of this force is some- 
what different. Assume, for example, 
that the speed of the machine has dropped 
below its mean value at some point of its 
vibration cycle. This causes a corre- 
sponding drop in the countervoltage of 
the motor so that a larger load current 
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‘to speed up the motor, thus opposing the 


drop in speed which we have assumed. 
If we neglect the inductance of the arma- 
ture circuit and consider only the resist- 
ance, then torque changes will be in phase 
with and proportional to speed changes, 
so that these torque changes act as a true, 
damping torque. When the inductance 
of the armature circuit is considered, we 
no longer have pure damping since the 
current and torque changes are not in 
phase with the speed variation. Thus, 
during part of the cycle the damping 
torque may actually aid the oscillation 
while during the rest of the cycle it op- 
poses the oscillation. . The vibrational 
energy imparted by the propeller is ab- 
sorbed partly by the propeller itself as in 
any case of viscous damping. The re- 
mainder of the energy is absorbed by the 
motor by means of the mechanism de- 
scribed above. The magnitude of vibra- 
tion in the different parts of the system 
will rise to the point where the energy 
absorbed is equal to the energy imparted 
by the propeller. 

Actual solutions are most simply made 
by setting up equivalent electrical cir- 
cuits which have~the same differential 
equations as the mechanical system we 
are considering. The source of pulsating 
torque becomes an applied voltage at 
some point in the system. Shaft ele- 
ments become capacitors, masses become 
inductances, and damping elements be- 
come resistances. When the inductance 
of the armature circuit is included, our 
equivalent circuit becomes somewhat 
more elaborate, containing negative re- 
sistance and inductance terms. 

The standard electrical symbols for 
these elements are used in the figures 
which follow. These circuits are solved 


Physical system of two masses and 
connecting shaft 


Figure 1. 
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be using tes standard methods of com-— f 
plex algebra as for any steady-state a-c 
network. The circuit may be solved for — 
any operating speed by using the corre- — 
sponding value of the applied pulsating — 
frequency. The maximum values of © 


shaft torque are most conveniently deter- 2 


mined by first finding the natural speeds — 
with damping neglected. These will be a 
very near the speeds at which maximum _ 
torques occur when damping is consid- _ 
ered. For a more accurate calculation, — 
one or two other speeds near this natural _ 
speed may be checked and a curve 
drawn through these points so as to esti- 3 
mate the peak. ‘5 


The Two-Mass System Without 
Damping 


Refer to Figure 1 for which the follow 
ing symbols apply: 


6, =actual 
radians 
6;,=uniformly moving angular vector which 
would be the position of the rotor if 
there were no torque pulsations and the © 
rotor moved uniformly 
=6, —6;, =rotor displacement above or 
below mean position 
Similarly for 02. 
J, =moment of inertia—pound-feet squared 
divided by g - 
Similarly for Je. 
K,=shaft spring constant—foot-pounds per 
radian ; 


angular position of rotor— 


The natural frequency of this system will 
then be given by 


he gg 
f On x(7+5) (1) 


This familiar result may be obtained 
from the differential equations or the 
equivalent circuit which we give now. 
In order to determine the effect of torque 
variations, we shall assume the second 
mass to be absorbing the torque trans- 
mitted from the first but doing so non- 
uniformly by having a mean torque 7) 
and a smaller superimposed sinusoidal 
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Figure 2a (left). Equivalent electric circuit 
for two-mass system without damping 


Figure 2b (right). Equivalent circuit with 
proper values of admittance and susceptance 
at frequency F 
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=; ae Let p geen 1e | 


i i Nc 


m a we have: 


+ 


_ If our absorbed torque were not pulsating 
equations would reduce to 

T.-K (61) —42,) =0 tMi-cwt! 
a K,(61, —62) —To=0 

By subtraction of these from the first set 


* of equations, we have 

7 

» ‘Tp, +Ks (0," —62/) = =0 (6) 
Tsp! —K(61' —02') + T' = (7) 


where the primed quantities are angle 
_ and torque variations above (or below) 
mean value. It is these quantities in 
_ which we are interested since they repre- 


sent oscillations or displacements from 


the mean position. 


Tz 


Dive 
Figure 3. Equivalent circuit for two-mass sys- 
tem with motor resistance damping in one 
mass 


Figure 2a shows an equivalent circuit 
which by inspection is seen to have the 
same differential equations 6 and 7 and 
hence will give the same solution Since 
we are considering sinusoidal variations 
we can set up Figure 2b with impedances 
and find the response by using the com- 
plex vector notation. 


f=frequency of the applied torque T’ 
pO, and p$2=‘‘currents”’ flowing in the cir- 


Te —K,(6—62) =p 
For the second mass 
— K (1-2) —T=Inp0 (3). 


and the motion were uniform, these 


ghaft: pee US the ac 
mum shaft torque (and stress) will 


1.5 times the normal design value. JIA x 


From Figure 2b it is seen that the oral 
cnesianae is 


: ik — jt P 
Sey ; . = 
1 ra afl ' ; 
qinite iKs 


_ which will equal zero when the frequency — 
is given by | 


een 


This verifies eae ton ih 
* Itis evident at resonance that the mag- 
nitude of the oscillation is infinitely large; 
hence we must include damping to ob- 
tain the true behavior of the system. 


Inclusion of Resistive Damping 


When we include resistive damping we 
must consider the variation of electrical 
torque within the machines—hence we 
add another set of differential equations to 
our previous set. With reference to 
Figure 1, we have for body number 1: 


Kidits —K; (61-62) =p? (8) 
A, =4Ri+Kediphr (9) 
where 


K,¢,=motor-torque constant in pound- 
feet per ampere 
Kooi =motor counterelectromotive force 
constant in volts per radian per 
second 
E,=applied line voltage to Soachine 
number 1 in volts 
R,=machine-armature-circuit resistance 
in ohms 
1, =machine-armature-circuit current in 
amperes 


We may write again the equations for uni- 
form (nonpulsating) motion, and obtain 


ae 


te eet Ay 


a, cap 
ivvsn ge ET 


A. 


and by subtr. 
in terms of t 
values: 


ins ja ane 
Kidrir’ —K,(6,' — ey!) =10°H! Fo = f 
a4 ‘Rit Kadrpb’ =i) 


We may eliminate ii from equations 12 


ow Vic 


and 13 and obtain 2 PARES 
— Ae Roteie wees. (1 sae pal ‘ q 
X] a 


For the second machine we assume the 
torque absorbed, Ko¢ets, is made up of 
mean torque Kodi, and a sinusoidally 
varying torque Ko¢2J2’ (which is the same 
_as T’ given in the previous section); and 
that this pulsating load being absorbed 
by the second machine causes the pulsa- 
tions which we are considering. Wi 
therefore may write for the second aR 


K, (0: —02) —Kodvi2 =I2p02 (15) : 
and under nonpulsating conditions we 
have: . : 
Ks (01, —62,) —Ke?et2, =0 (16). | 
Hence by subtraction, we obtain: 
K,(6;’ —02') — Kobei2’ =I2p0o’ (17) 


Since we assume that 7)’ is a known load 
current variation, we may replace Kogot,’ — 
by a known torque variation 7’ and we 
may now set up the equivalent circuit of 
Figure 3 whose differential equations are — 
seen to be the same as equations 14 and 17. 
As before, fora given frequency we 
may insert a complex impedance and 
solve for the ‘‘voltage’’ or torque across 
the “‘capacitance’’ or shaft in terms of the 


cuit Kidrt1, —K (01, —92,) =0 (10). pulsating applied torque 7’. We notice 
Table | 
Propeller Damping Only—See Figure 13 
(2) , (9) 
@ (7) (8) (7)/(8) (10) 
(1) Third (3) (4) (5) (6) (5) and (6) in Total Magnitude (9) times 
Rpm Harmonic 3Kpwpo jolp —jKs/w jolm Parallel Impedance Only (Rpm/250)2 
POOR ws2. vee A a CLOe TE PL ASOS ON ree. s) ots —734 6504.00 « «- SAGO s acectee eas PULP errs its 770'+-J25, 250110 Gan. Oc495 Mithis ech 0.071 
50 sysevetes x: MT e2Shar hae Lb drasetes G2ESIDO? fice —=723,100......: GUA FOO are he GoS; a0 mee ee « 1,154-+-749,300 w2...... Ol ST Deve ais aeons 0.206 
BOG Avie. 62:48 od rascnser: 1,540. 1928, 00020 ..... d4. Salen 20 ehese guake PLE QO Ese. Nast 9650; 000he ne es 1,540+7678,000........ OF 96 Oren on ee 0.612 
eB O\s. EB ia scales (A ee ae Oe LO. 4 bs G32 OOD ie ue apa —J15,050...0.... GLO ABO fuse arse —Jj66,000.:..... U0 —933) 000m ere O50. crticecoeare vote 1.650 
OOS aricete aha as TS. 6 13925 GOO. OOmmearette —=Fld, 8000. yee: Hos Pe On ac erc etn —j40,000....... 1,925—j4,900 ........ 1 ABLO Saree 5 np nk Bans 7.81 
QO RI RSs SOLS TELO702 Aaa FOS IOONM.....8 91336400. fo. . J21B6OT ORs ese —Jj36,100....... 1,970 72000 oe eee USO OMe cre cena stern 19. 
BBs. scetosin = SOROS madles syed Pea DE ree cechere J39;000).2 chic 912: 600), cess ae JAS; SOR epevaniehs —j27,400....... 2, LT Bt-gl 200 Sawer ene ZCAOM: vars, <e mete 2.9u 
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tual ‘measure-— 
only upon a 


Tr may ay our ae ap 
by assuming that it is the 
roltage E, whose variation is known 
nd that the load current J; does not vary — 
{ with E, because we must include 
the damping effects of motor number 2. 


ecan then write for machine number 2 — 


(18) 


n terms of the variation fori mean — 
lues we obviously will have 


+x 


-c2b2pO2" i’ Ra= = E,! 


(19) 


We may now eliminate to’ from epaations 
oe 19 and | obtain 


KoKabs? 2! —Iop%0n! + 
Re ; 


Kop2k2’ 
Re 


Sz (0,0) am 


=0 (20) 


: We may again set up an equivalent circuit 
rom equations 14 and 20 and obtain 
Prigure 4, 
Now it is apparent that we have a re- 
fips term in both branches of our cir- 
cuit. This analysis might be carried 
farther to the ultimate source of torque 
pulsations. Thus if the load being sup- 
plied by machine number 2 were a motor- 
driven air compressor, we might add an- 
other branch to our circuit to include the 
“characteristics of the third machine and 
apply our pulsating torque from the air 
Saeed to this branch. This more 


ay 


oo 

ae (1) Third (3) (4) 

Rpm Harmonic 3Kpwp, jolp 
FOO oe oc <0 SPA se so 2 TION." 2: j14,030...... 

BGO sccs.. cas BT Doo vo PUSS he sexs $21,100...... 
Prat eee O2 AS chsh? tare 1,540 Se oxitrs j28,000...... 
SOS Kae ee iy Seen 1) 270n te 532,300...... 
GO se cree oh MBIGSE eco wct O25. oo 100.2. « 
EG ctsicate. MEEBO. Bemoaes 1O70kose =. 535,900...... 
ECS ae S6cb- eas QUITE 4, 538,600...... 


1 for shi p-propulsion 


Lae 
a a 
5 


- complete circuit is not developed here 
since the damping features of d-c ma- 
A onines are more easily demonstrated with 
a simple circuit and the simpler circuits _ 
can usually be applied to most cases with 
a fair degree of accuracy. 

If, as is the case in ee tm, the 


» torque pulsations are not sinusoidal, we 
_ may still resolve them into their harmonic 
- components, treat each harmonic sepa- 


rately, and superimpose the responses 
to each harmonic torque pulsation in 
order to obtain the complete solution. 


A eh of Combined Electrical ‘and 


Mechanical Damping 


Before including the effects of the in- 
ductance of the armature circuit we shall 
show how the simplified damping circuits 
already presented may be applied to a 
specific case which will be treated nu- 
merically in the appendix. This is the 
case of the ship-propulsion drive shown 
in Figure 5. The differential equations 
for the motor remain as before but we 
must also include the damping intro- 
duced by the propeller itself since its 
torque changes with speed changes. 

The propeller torque under steady con- 
ditions varies nearly as the square of the 
speed. Assuming for the moment that 
this holds even when the speed is under- 
going oscillations, we may write 


Propeller torque = K pw,” pound-feet 


where w, is given inradians per second. 
Then: 

KsOm—9p) —K pop? =I php (21) 
and under nonoscillating conditions: 


Ks (Pro —9p») — Kyw,,? =0 (22) 


Table Il 
otal and Motor Resistance Damping—See Eoate 14 


(7) 


(5) (5) and (6) in 
—jKs/w jolm+ Resistance Parallel 
- —§34,650...... 11,100+ 38,460 ..... 16,500 + 34,200 
. —923,100...... 11,100+j12,700..... 25,600 +3850 
aa ILB20. «ard 11,100+ 716,900..... 28,400 —j17,100 
a= 915,050. ck ee 11,100+ 719,480..... 17,500 —j22,000 
- —j13,650...... 11,100+ 721,160..... 12,100 —j21,800 
- —913,540...... 11,100+-321,660..... 11,000 —j21,800 
« —j12,600...... 11,100+ 323,300..... 7,400—j19,800 


5 KO! 


J a 2 E>) =~ 
Op — Wn —=2wp, (wy 


But : 


— Wp) = wp Wp" 
when ene 
=20p,PIp’ 


Hentée— 2" ee et BEE: 


K 30m’ —Op’) — OK sei Poy! = =I ppp" 
Equation 25 has a damping term Ww 
coefficient is 2K pep», oa act 


propeller torque eat we tata antici- — 


Bates from the ies of the ee ‘1 


will screw freely through the water with- 


out putting out any torque. 
damping term should be increased, the - 
exact amount of the increase depending — 
somewhat on the propeller design char-— 
acteristics. 
and the one which is generally used is to 


increase the damping by 50 per cent. — 


Hence we may rewrite equation 25 thus: 


K5(0m' —9p') —3K pwp fp’ =I ppp’ 


Combining this with the equation for the 5 
motor (see equation 14), wecan setup an 


equivalent circuit which can be solved 


Hence our — 


A fairly close approximation, — 


(26) 


2 


without difficulty for steady-state sinu- 


soidal pulsations. This circuit is shown 
in Figure 6. 

These torque pulsations arise because 
of the oscillating torque of the propeller 


as it passes through the varying wake of 


the ship and the obstructions of the stern — 


frame. The magnitude of this pulsation 
is a quantity which is practically impos- 
sible of calculation but approximate 


(8) (9) (10) 
Total Ratio, (9) X 
Impedance (7)/(8) (Rpm/250)? 
5 30% 17,270+J18,230.....0.670........0.108 
pools 26,754+-j21,950.....0.740........0.266 
Shoot 29,940+ 510,900. ....1.040........0.665 
lof 19,270-+910,300). 2.06/05 290. 5.500 41.09 
salute 14,025+713,300.....1.29 .......-1.29 
sateen 12,970+314,100.....1.27 ........1.33 
orateies 9,515 +317,060.....1.08 ..%).....1.30 


_ 
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1 


‘ 


figures from tests on models and actual 
ships indicate that we may assume the 
torque pulsation to be ten per cent of the 
mean torque of the propeller and in the 
absence of more definite information, this 
is the value that is commonly used. The 
frequency of the pulsation is V times the 
propeller revolutions per,second where NV 
is the number of blades in the propeller. 


Pe; —> 


See INDUCTANCE| 


Pe ite) : 


NEGATIVE RESISTANCES 


Equivalent circuit when motor in- 
ductance is included 


Figure 7. 


Figure 6 tacitly assumes that the pro- 
pulsion motor is connected to an infinite 
bus, whereas it is actually connected to a 
generator whose effects should be con- 
sidered. This may be done in either of 
two ways: 


1. Elaborate the equivalent circuit to in- 
clude a branch for the generator. 


2. Make an assumption that the internal 
generated voltage of the generator is con- 
stant. — 


This is very nearly true since from Figure 
6 we see that the propeller damping term 
absorbs much of the vibration because it 
is directly in series with the torque pulsa- 
tion, and the remaining pulsations in the 
motor circuit are reduced. Hence the 
speed oscillations which are transmitted 
to the generator are quite small and the 
internal generated voltage may be as- 


NEGATIVE | 


4 


il 


sumed as practically constant. We there- 


fore should replace the term R, in Figure 


6 by the total resistance of motor and 
generator armature circuits and we have a 
close approximation to actual conditions. 


The Effect of the Inductance of the 
Armature Circuit — 


We may refer again to our two-machine 
system with inductance in each armature 
circuit being considered this time. This 
inductance is principally that of the ma- 
chine itself but should also include that of 
the lines connecting it to the power sup- 


Complete circuit for two motors 
with inductance of both included 


Figure 8. 


ply. We assume as before that machine 
number 1 is on an infinite bus while ma- 
chine number 2is supplying asystem whose 
line voltage E» is pulsating periodically. 
Considering machine number 1| first we 
may write our torque equation as before: 


Kadi — —K5(0,—62) =1,p76 (27) 
Our voltage SERS includes an die” 


—L ay and becomes: 
dt 


E,=4Ri+Koo,p +Lipn 


Under steady nonpulsating conditions, 
these equations will reduce to the same 


tive term, 


(28) 


Table Ill. Ship-Propulsion Drive—Tabulated Calculations 
Inductive Case—See Figure 15 
@ 
Third 
Rpm Harmonic 3Kpwp) jolp —jKs/w jolm —12.9—jwL 
OO cevarstjan Ob Ta iinsis ae LO Frctariveleas GTS OBO eiieie cess — 534,650 ...04.0bs cee 9S, 4.60). ons 2.5.08 —12.9—j0.0202 
THOS pic ere A Ticmmictsvel ere TOO aet ap aan OU LOM ors ity. coe —=423 VOOM aebree P12 ZOOL Be ate —12.9— 70.0304 
DOM iarecke car OB Sere teas L540 CTE 423 j000)). 0c. fol = 917 8200 ee saree PUOSIOO cose « —12.9— 70.0404 
DBO reraleske Di 1 cueders Vins Bvssra toys j32,300......,.).. =F OS OR seals rete j19,480....... —12.9— 70.0466 
DOO wniene spore WIS sh veces ate >. OQ S wwenaue's* GoD) LOO a aliens = FL os BOO cn traces Oe 2 LOO retest —12.9— j0.0507 
25GB vk wets! BO saat verasl one POLO ais Fas 430; 900 wleuena sa 3913540 Xk oemiee G2V;O6 Ok fare sere —12.9— 70.0518 
DO. ciel stare $3.0) Fie 2030 6s ate! 7k Jad O00 s c:a ccs aso = 413, 12070 os one §22,350), . 40s —12.9—j0.0539 
Aad « mals S65 Oe mate os 2 Bi 5 deve, J38,600.. .i.5 hes =912;600;F.. d0n. s JOS, 000 sere —12.9—j0.0557 
Unit C 
Total 
: Im- Rpm 
Rpm Unit A Unit B Unit C Total Impedance pedance 250 
100. . .38,960—75,300. . .3,947+ 7 3,160.... 4,720+ 7 2,890 .... 5490+ 716,920...:0.31...... 0.05 
150. ..2,180—j4,400. . .2,167+ 3 8,300.... 5,150+ 712,200 .... 6,300+733,300....0.39......0.14 
200. ..1,355—78,600. . .1,842+713,300....22,500+ 750,200 ....24,040+378,200....0.67...... 0.43 
230...1,110 —73,220. . .1,097 +716,260.. ..93,000 —7117,500.. . .94,800 —785,200....1.18...... 1.00 
250... 910—78,020... 897+ 718,140.... 9,050—756,400 ....10,975—j21,300....2.38...... 2.38 
256... 870—32,950... 857+j18,710.... 5,700—j48,000 .... 7,670—j12,100....3.34...... 3.50 
264... 810—72,880... 797+ j19,470.... 3,500—j37,000 '.... .5,600—370 SG AT Olea ok Ts50) 
275... 760—-j2,790... 1,870—732,300 .... 3,985-+ 710,400. ...2.92...... 3.53 


747 +920,510.... 
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siihiple cepiedona ‘given in equations 1 


and 11 and by subtraction we obtain 
equations in terms of the variation from 


mean values, thus: \._. | 


Kidriy! — Ks (0)’ = 02") =Npen’ 
and _ 
Riiy' +Kybrphr’ +Lipn' =0 


Equations 29 and 30 are sufficient for | 
setting up an equivalent network but in 


order to do so we must first modify them 


somewhat by adding and subtracting 


certain terms and we thus obtain equa-_ 


,| 


(29) 6. 


(30) 


1 


tions 31 and 32 which are seen to be the — 


same as the first set of equations. 


Kidi(ts’ — p01") — Kiger’ — 
K,(61' —02’) =1,p0;' (31) 
pal takes fal a 
| Kt EE if ee Dab ] 
Kidi(is’ — p01’) =0 (32) 


These two equations can be set up into an 
equivalent circuit which is shown in 
Figure 7. Comparison of the circuit with 


equations 31 and 32 shows that the two _ 


agree. 

The open end of this circuit will be tiedl 
on to a similar one for machine number 2. 
We see that this circuit is somewhat more 


elaborate than our previous circuits and — 


has smaller damping because there are 


negative resistance terms as well as a. 


negative inductive term; this latter being 
equivalent to a capacitance. 
L, approach zero our circuit. can be sim- 
plified and will reduce to our previous cir- 


cuits with a single resistive term of mag-- 


nitude K,,Ki¢:2/R: as before. On the 
other hand, if we let L; approach infinity 
it is seen that all our resistance terms drop 
out and we have a circuit with no damp- 
ing at all. 

.For machine number 2 we will have a 
similar pair of equations except that the 
terms in the voltage equation will not be 
placed equal to zero but equal to Ff,’ 
which is the pulsation in the line voltage 
Ey. Thus we have: 


Bos = K odop6o’ —1'R —Lopis’ 
K5(01" — 02") — Kedzie’ =Iop76.! 


(33) 
(34) 


These can then be expanded into equa- 
tions similar to equations 31 and 32 so 
that an equivalent:circuit may be set up. 
Figure 8 shows the complete equivalent 


Pe|<— <b] 


P03<— 


Figure 9. Equivalent circuit with damping 
considered in one motor only 


ELECTRICAL ENGINEERING 


If we let 


7 


| Figure 10. Complete circuit for ship-pro- 
E pulsion drive with motor inductance included 


_ circuit including the branch we have al- 
. ready developed for machine number 1. 

If for EZ,’ we use the maximum value 
_ of the line-voltage pulsation, then the 
- “voltage” across the capacitor will be the 
- maximum value of K(6;’—6,’) which is 
the maximum value of shaft torque. 
3 Similarly, we can determine the amount 
of load-current variation in both ma- 
_ chines. 


4 Other Cases With Inductance 
a Included 


From Figure 8 we see that at higher 
_ frequencies the armature-circuit induct- 
ance will reduce the damping but the 
_load-current pulsation, 72’, will also be 
' reduced since it must pass through an in- 
ductance. If we wish, we may assume 
that it is the load current i.’ and hence 
' the pulsating torque applied to machine 
number 2 which remains constant while 
frequency changes. Such an assumption 
would enable us to see more’clearly how 
the damping becomes less effective at 
higher frequencies. The circuit for this 
-case is shown in Figure 9. 

We may also set up an equivalent cir- 
cuit for cases of combined electrical and 
mechanical damping as in the ship-pro- 
pulsion drive which was treated by means 
of the simpler circuit, considering arma- 
ture resistance only. By now it is appar- 
ent what form this circuit will take with- 
out rewriting all the differential equations 
and this circuit is shown in Figure 10. 
This circuit will be tised in the appendix 
for the sample calculation of an actual 
system. 


Determination of Machine Constants 


A Swarr SPRING CONSTANT K, IN 
Foot-PouNnps PER RADIAN 


For unit torque of one foot-pound the 
angular twist in radians of a shaft sec- 
tion is given by 

_82X12XL 

RS 

L=Length of section—inches 

d= Diameter of section—inches 


E,=Shear modulus of elasticity—pounds 
per square inch 


(35) 


For steel shafting this may be rewritten: 


6=1.036X10~-5L/d4 radian per foot-pound 
(36) 
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100 8070 60 50 403530 25 20 1S 10 
ROTOR DIAMETER — INCHES 


Standard values of WR? for d-c 


machines 


Figure 11. 


WkR2=A-+BI in pound-feet squared 


|=Rotor core length in inches 


With a number of shaft sections of differ- 
ent diameter and length, the formula is 
applied to each in turn and the summation 
x6 obtained. Then K,=1/20 in foot- 
pounds per radian. 


B. Moment oF INerTIA J 


The usual electric machine can be 
broken down into a number of cylindrical 
sections such as: coils, core, spider hub, 
spider arms, end plates, commutator 
bars, commutator V-rings. The moment 
of inertia of any such section may be cal- 
culated if the detail weights and dimen- 
sions are known. Note that the WR? 
must be divided by g—(32.2 feet per sec- 
ond per second) in order to obtain mo- 
ment of inertia J as used in the preced- 
ing equations. 

In the absence of detail drawings of 


$2 2 


Ui 
>» 
i } 


the machine a fairly close approximation — - 


to the WR? may be obtained from a 


knowledge of the rotor diameter and core — 


length. This is due to the fact that for a 
given frame size, economical designs gen- 
erally lead to approximately the same 
proportions for the various parts of the 
machine. 

For a given rotor diameter the WR? 
varies directly with the core length so 
that we may write: 


WR2=A+BL (37) 


where A is the WR? for zero length and 
is due to the end plates, end winding,com- 
mutator, and so forth and B is the addi- 
tional WR? per inch of core length. Both 
A and B are functions of the rotor diame- 
ter, varying approximately as the cube of 
the diameter so that we may draw a 
straight-line curve on logarithmic paper. 
This has been done in Figure 11 where the 


variation is shown for a wide range of ~ 


standard d-c machines. For any given 
frame size the maximum and minimum 
Wk? values differ by about +8 per 
cent from the mean value, which is not 
too large a range for approximate calcula- 
tions, 


C. Moror-Torove Constant K¢ IN 
POUND-FEET PER AMPERP 


This may be obtained from the name- 
plate rating of the machine and is given 
by: 

“4 _ horsepower 5,250 


38 
rpm vA 68) 


where J is rated armature current in am- 


peres. 

If the machine is not operating at rated 
conditions, the actual operating condi- 
tions should be substituted in the equa- 
tion. This constant is proportional to the 
field. flux and will vary inversely as the 
speed if field control is used but will re- 
main constant if armature-voltage con- 
trol of speed is used. 


D. Moror CoOUNTERELECTROMOTIVE 
Force Constant K,¢ IN VOLTS PER 
RADIAN PER SECOND 


This likewise is obtained from the 
name-plate rating and is given by 


EX60 


—_—— (39) 
Rpm X27 


K,o= 


where E is the counterelectromotive 
force of the machine. This may be taken 


Figure 12. Stand- 

ard values of arma- 

ture-circuit resistance 
for d-c machines 
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Propeller ae only ioe 
eee id 


te eee ie ay ea Srcatctl 
ae io IR drop. - _As with the torque constant, 
ter electromotive force constant 


< 


= ~Carcurr Rt IN ‘Ouma 


_ This may be determined from a knowl- 
ge of the conductor size, total conduc- 
or length, and marae of parallel paths 


mutating, sca pehicacaune field wind- 
The resistance of the connecting: 
; “power lines may also be included but in 
- most cases where all the equipment is 
located in physical proximity, the re- 
~ sistance of the lines is not large. 
= Where the design details are not avail- 
able, an approximate estimate of the re- 


with standard machines. Economical 
designs require that the resistance loss be 
as small as possible and yet that the 


large. Hence the per cent J?R loss which 
-- is the same as the per cent voltage drop 

_ (?R/IE=IR/E) has roughly a constant 
value for a given-size machine. These 
values are plotted in Figure 12 for a wide 
range of machines and enable the deter- 
mination of the resistance as: 


R=CE/I ohms 


where C is obtained from the curve of 
Figure 12 and £ and J are taken from the 
,name-plate reading. 

When more accurate calculations are 
desired, the actual resistance of the 
machine should be obtained, since the 
magnitude of the damping depends prin- 
cipally on the value of the resistance 
which is used. 


Inductance of the Armature Circuit 
LI in Henrys 


The inductance of the armature circuit 
is not capable of accurate calculation 
since it requires the determination of 
magnetic fields in all parts of the circuit. 
It is necessary, therefore, to make simpli- 
fying assumptions. We may note, how- 
ever, that it is not necessary to have in- 
ductance values as accurately as resist- 
ance values since the inductance enters 
as a secondary term when we wish to use 
the more accurate circuit instead of the 
simpler resistance damping circuit. 

As we have done for the other con- 
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sistance may be obtained by comparison. 


amount of copper used not be excessively - 


out 


aoe the lactons u fn : 
ance depends ; and we ii eat 


t . ‘ 
te a ; 100Xvolt s- #. - henrys 
: inches diameter inches core a 


; sar 

| : (40) 

The multiplier of 100 has been chosen 
to include the inductance of the stator 
windings as well as the rotor windings. 


INCLUDES MOTOR AND 
GENERATOR RESISTANCE 
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Figure 14. Numerical circuit values 


Propeller and motor-resistance damping 


This formula involves constants which 

_may be taken from the name-plate read- 
ing and a knowledge of the rotor diame- 
ter and length. Comparison with more 
accurate calculations and with measure- 
ments indicates a fair agreement, and the 
error to be expected is generally less than 
20 per cent. 


Conclusions 


Methods have been presented for de- 
termining the amount of damping present 


or hemes MIT OS  aae ] 
NT eS || 


jw6.44xio-* | 


jw4a7 | | 


13-5 Wg 


Bess A elgite Eregee 


Figure 15. Numerical circuit values’ 


Propeller and motor damping with motor in- 
ductance included 


Litman—D-C Marine Propulsion Motors 
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“PROPELLER, RESISTANCE, 
AND INDUCTANCE DAMPING. 
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PROPELLER RPM 


DOUBLE AMPLITUDE OF TORSIONAL VIBRATION 
AS A PER UNIT OF FULL-LOAD TORQUE 


Figure 16. Comparative plot of calculated 
Bad test values of vibration amplitude, ship- 

propulsion drive 4 
? 


chine voltage the simplified circuit may be 
used with fair accuracy. If it is any larger, 
the more elaborate circuit must be used in 

order to obtain satisfactory results. 


In order to determine the relative 
damping contribution of the propeller 
and the propulsion motor for an actual 
installation, sample calculations are pre- 
sented in the appendix for such an instal- 
lation. This drive was on board the 
Coast Guard cutter Naugatuck and os- 
cillographic records of electrical and me- 
chanical pulsations were taken. Torque 
pulsations in the shaft were recorded 
with a torsional strain gauge mounted on 
a calibrated section of the drive shaft. 
The cutter is driven by a single-screw 
three-bladed propeller. The motor is a 
500-volt d-c machine rated 800 horse- 
power at 250 rpm and is powered by two 
400-kw generators. 

It is apparent from the comparative 


- 
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cr 


a third problem arises because 
of air delivery is at a considerable 
BGs from the engine, necessitating 
a long transmission of power or the 
of long air ducts. Requirements for 
ts Bapeschaneet drives of enodetats 


e electric coupling. By using suitable 


Bee 45-3, recommended by the AIEE committee 


winter technical meeting, New York, N. Y., Janu- 
ion 1945. Manuscript submitted June 16, 
4; made available for printing November 2, 


be F. w. GopsgEy, Jr., is ene assistant of the new 
‘products division of the Westinghouse Electric 
ee Manufacturing Company, East Pittsburgh, 
era. J. D. MINER, JR., is engineering manager of 
_ the aviation engineering department and O. C. 
WALLEY is design engineer with the Westinghouse 
peomessy 3 in Lima, Ohio. 


Plot of Figure 16 that only the complete 
_ equivalent circuit will give a fair approach 
to actual results. Considering the pro- 
_peller damping alone leads to far too large 
a pulsation. On the other hand, consid- 
ering only the resistance of the motor 
_ leads to far. too large a damping force in 
_ the motor. The complete circuit gives a 
_ much better approach to actual condi- 
_ tions but it, too, deviates from the experi- 
~ mental curve due principally to the fact 
_ that propeller pulsations and propeller 
damping do not truly follow the simp- 
_ lified laws we have postulated for them. 


ae Spates a . 
Lae 7 


; 


Appendix 


Calculation of ship-propulsion-drive con- 
stants: 


4 5 
: eee =10.9X 105 foot-pounds 
1.036 X 114.6 per radian 
WR of motor =8,670 pound-feet? 
WR? of propeller plus 25 per cent added on 
- account of entrained water =14,400 
pound-feet? 


_ JANUARY 1945, VOLUME 64 


gz ‘motor characteristics the air delivery. of a 


n air transportation for presentation at the AIEE | 


voltage. Requirements for the electric 


- equipment are developed, and laboratory 
tests on a nine-horsepower model are pre- 


sented to demonstrate that the equipment 
meets the specified performance. 


IRCRAFT cabin-supercharger de- 
vices are required to deliver an in- 


creasing volume of air as the altitude in- 2 


creases. It usually is desired to maintain 
outside pressure up to 8,000 feet; to main- 
tain the pressure equivalent of 8, 000 feet 


~ from 8,000 to 30,000 feet; and then to let 


the cabin pressure decrease at higher alti- 
tudes to maintain safe pressure differen- 
tials. A certain minimum ‘air delivery is 
necessary to meet the oxygen require- 
ments of the crew, so that the usual 
conditions of operation will be a constant 
weight of air flowing from the blower 
each minute, cabin pressure fixed at the 
pressure equivalent to 8,000 feet, and in- 
let pressure varying according to alti- 
tude. A variable-speed centrifugal blower 
provides a suitable source of air delivery 
but requires a means of coupling it to the 
main engine to permit operation of the 
blower at the speed corresponding to 


Critical speed 
32.2 
+ 


32.2 
=—410.9 10+( 
1 Jiooxi0( 22422.) -s a aa) 


aa vibrations per second 


which is 256 rpm for the third harmonic 

pulsation of the three-bladed propeller. 
800. 5,250 

Ko=— X-— = 12.9 pound-feet per am- 
250 1,300 pete 
500 X60 


ao ieee volts per radian per 


second 
K,=Propeller torque constant for use in 
circuit of Figure 6 


Ay 16,800 
a a. 5 pound-feet per 


P (wp)? (26.2)? (radian per second)? 
R=0.01109 ohm at 75 degrees centigrade 
—from design details 


K K 
se Pe ah 22,200 pound-feet per radian per 


second—tresistive damping constant 
Inductance = ZL =4.77 X 1074 henry 


In making the calculations, the propeller- 
torque pulsation has been assumed at six 
e 
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; for eh he Figure ES 
‘piawed! AER ag such an electric ‘coup- 
- linge can be controlled by a simple regulator — 


d Wee ‘ i 
esigned to vary current in proportion to any desired doc ation Brin 


_ tain automatically the des 


is approximately the square roo 


ing a aoe excited motor ie a 


An electric co 
which consists of a d 
a d-c motor. x 


principal purpose of this p: ; 
vestigate the possibility 
suitable method of speed con’ 


mass air delivery. 

- It will be noted from Figure 
required power range is appr 
ten to one, and the required speed ange 


to one. The drive takes power 
standard ms eat) ene take- 


the teeta coupling poe tee entire 
independent of the 24-volt bus « on Be air- 
plane. : 


offer a practical and flexible system 
speed control, if some source of mot 
excitation were available. 


Investigation 


is necessary, therefore, to detérmine © ; 
whether some simple method of speed con- 


trol can be worked out using shunt, com- 
pound, or series excitation for the motor _ 
and either variable or constant voltage 

A further object of — 


from the generator. 


i. 
* 


= 


the investigation is to determine whether __ 


+b 


—- 


per cent of the mean torque rather than the 2 


more commonly assumed value of ten per 
cent, since it is more nearly correct in this 
case. 


A verification of this is obtained by © 
employing the equivalent circuit to calcu-_ 
late the armature load-current variation at — 


the critical speed. This amounts to five ~ 
per cent of rated current and checks rather ~ 


closely with experimental values obtained 


by an oscillographic test. 

The last column in Tables I, II, and III 
gives the vibration in per unit of full-load 
torque pulsation. Actually in plotting 
these results we assume a six pen cent 
torque pulsation. 


References 


1. MercHANICAL VIBRATIONS (book), J. P. Den 
Hartog. 


2. PRAcTICAL SOLUTION OF ‘TORSIONAL-VIBRA- 
TION PROBLEMS (book), W. K. Wilson. 


3. Tsst oF TRANSIENT CONDITIONS IN MANEU- 
VERING A Coast Guarp Harsor CutrTsr, H. H. 
Curry, J. C. Fink. Society of Naval Architects 
and Marine Engineers Transactions, volume 46, 
1941, page 100. 


TRANSACTIONS 37 


7 


Bs 


the specified speed control may be ac- 


complished, simply by controlling ‘the 
relation between speed and torque or 
whether a pressure-sensitive device must 
be used to control speed in order to ob- 
tain the specified speed for each altitude. 


Motor Characteristics 


Specifications of horsepower and speed 
versus altitude as given in Figure 1 may 
be converted into a speed-torque curve 
to facilitate investigation of motor per- 
formance requirements. The speed- 
torque curve is plotted in Figure 2 and 
proves to be a straight line which may be 
expressed as 


“n%=2,100 T (1) 


where 7 represents speed in rpm and T 
represents torque in pound-feet. 
The internal torque which must be 


developed by the motor will be consider- * 


ably more than the value indicated by 
equation 1 because of friction, windage, 
and rotational iron loss. An approxi- 


SPEED AND .HORSEPOWER — PER CENT ~ 


0 10,000 
AlTimtUDE— FEET 


20,000 


Figure 1. Specification of speed and horse- 
power versus altitude for the input to the 
blower of the supercharger 


100 per cent speed =10,000 rpm 
100 per cent horsepower =9 horsepower 


mate expression for the internal torque 
would be 


n=1,700 T (2) 


In this expression the losses in torque have 
been assumed proportional to speed; 
that is, brush and bearing friction at 
standstill and also the nonlinear com- 
ponents of windage and iron loss have 
been neglected. 

When other conditions remain con- 
stant, the torque required to drive a 
centrifugal blower varies with the square 
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‘ Tee 
of the speed of the impeller. A series of 
speed—torque curves for the blower has 
been added to Figure 2 for each 5,000 
feet of altitude. These curves are con- 


structed easily by selecting the appro- | 


priate speeds from Figure 1, and setting 
the torque proportional to the square of 
the speed through the same speed—torque 
points on Figure 2. It will be observed 
that a motor having a speed—torque 
curve meeting the specified values will 
operate the blower at the correct speeds, 
because the intersections of the speed 
torque curves are single-valued and at 
low speeds motor torque is always ae 
than the blower torque. 

Perhaps this explanation needs em- 
phasis. If the motor can be made to 
provide the speed—torque relation shown 
in Figure 2, it will operate at the speci- 


z 


(L 
WE 
Wipe 


SPEED—RPM 


TORQUE — FOOT- POUNDS 


Figure 2. The specifications of Figure 1 con- 
verted to a conventional speed-torque curve 


Superimposed are the speed-torque curves of 
the blower for each 5,000 feet of altitude and 
also test points obtained with the model 
equipment 
O—Test points 
A—Specified speed—torque curve with 1 5 per 
cent speed band 


fication speed and only at this speed at 
any altitude within the range covered by 
the specification, and no other altitude- 
sensitive control is required. 

The proposal that a motor be designed 
with deliberate intent to have speed in- 
crease with increasing torque is startling 
to a motor designer. A motor with only 
a slight rising characteristic may hunt 
violently on a load having appreciable 
inertia, and here it is proposed that the 
speed increase directly with torque. 
The curves of Figure 2 are reassuring, 
however; no instability will result from 
any straight-line speed—torque curve 
passing through the origin. It remains 
then to devise some way to produce the 
unconventional speed—torque curve re- 
quired. 

A d-c motor responds only to voltage, 
current, and flux, and the desired motor 
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feetanancs Fae be expressed ins 
of these quantities. The fundamental 
equations for speed and torque are” 


e=nkp x # r 3 


kilolines, and ; 

poles il 
=i Gis 

ircuits 60 


k=conductors - 


T=7.03k61q 


where I, equals armature amperes, and 
T equal torque in pound-feet. ~ 


By substitution 
(6) 


Equation 6 gives the relations between 
induced voltage, flux, and armature 


@=1.192 k?g7J,-10* 


current for any motor operating on the © 


assumed speed—torque curve in equation 
2. A preliminary study of these relations 
may be made by assuming voltage, flux, 
and current to be held constant in turn 
as shown in Table I. 


Table l. Range of e, ¢, and [, From Minimum 
to Maximum Altitude 
e og I, 
Constant ....... EW AON vas Me ee ee, 10 to ibe? 
Drtany/ 10 eo ase Constant. 2.222 1 to +/10 
P tows 2ar..eice 1to VV LOS aR aes Constant 


Analysis of Table I indicates that the 
generator will be of the same size for all 
three arrangements; that is, the maxi- 
mum output is ten times the minimum 
output, if the increase is all im current 
equally, divided between current and 
voltage, or all in voltage. This is a 
natural consequence of the fact that the 
load on the generator is completely in- 
dependent of generator speed. However, 
this condition does not obtain for the 
motor. If cooling considerations are 
neglected, the motor would be about 
three times as large for constant voltage 
as it would for either constant flux or 
constant current. A constant-voltage 
motor would have to deliver maximum 
power with less than 30 per cent of its 
maximum flux capacity being ~utilized. 
Also, a constant-voltage system would re- 
quire two regulators: the first to main- 
tain constant voltage, and the second to 
keep the flux in the motor in inverse pro- 
portion to the armature current. _Need- 
less to say, the flux regulator would be a 
difficult instrument to devise. 

Constant-flux operation with voltage 
directly proportional to current results in 
a motor of reasonable weight but involves 
some difficult control problems. Again, 
two regulators would be required: one 
to hold field current constant regardless 
of voltage, and the second to vary voltage 
in proportion to current. The field-wind- 
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_ Oe 


where ¢ equals counterelectromotive force, — 
n equals rpm, ¢ equals flux per pole in — 


ee | 
(4) | 


(5) 


may be ap- 
ited range by careful 
nagnetic circuit, by using 


prevent field distortion 
othe: regulation problem 
d b eins) asa pees pole: 


) o Sands “Further eon of 
_ equation 6 will show that, if the relation 


1192h,+4e) 


or This is a promising equation, since, if 
_ Ae is small compared to J,, the flux will | 
_ be proportional to the square root of the 
voltage (as before) for small values of 
4 voltage but will approach a saturation 
_value as e approaches infinity. A voltage 
regulator to meet the requirements of 
"equation 6 is very simple; it requires a 
current coil to balance the spring forces 
at current J, and a differential potential 
coil to bias the regulator, so that each 
. increment in voltage requires a propor- 
tional increment in current for equilib- 
rium. 
Before one proceeds to the actual de- 
sign of a motor, equation 6 must be modi- 
fied to include brush drop, armature- 
circuit resistance drop, and shunt-field 
amperes. The armature current becomes 
Sx! (1.0+ Rgla) (0) 
1.192 ko?-10! 
where V is terminal voltage, R, is the 
resistance of the entire armature circuit, 
-and the brush potential drop is assumed 
constant at one volt. 
The total line current is 
V 

vk Ty — v6 a = Ry (10) 
where J; equals line current and Ry; is the 
hot resistance of the shunt field. 
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resistance of the ammigiuie circuit. is 
0.013 | ohm. Curvature was “introduced 
; into, the saturation characteristic of the 
, and by using pole- -face 


tions saturate at low values of flux and 
then behave like an increasing air-gap 


_and corresponding values of ¢ taken from _ 
curve 1 of Figure 3. 


considerably by slight changes in this _ 
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Regulator 


ms schentatie Pee of 
is shown in Figure 4 and 
of the pee in Tae 6. 


motor at low excitations by notching the 
backs of the poles to provide thin sec- 
tions of restricted area, These thin sec- 


11,000 
10,000 
9,000 
8,000 


length at higher values of flux. The ac- 
tual saturation curve is plotted in Figure 
3, and it will be noted that the curve does 
not deviate greatly from a square curve. — 7,900 
The hot-field resistance is ten ohms. > tees 
he . es x , ‘ = ~9 
Various values of V may be assumed, © 5.666 


Equations 9 and 
10 are then used to'find the relation be- 
tween V and J;. This relation has been 
plotted as curve 3 of Figure 3. It will 
be noted that this curve is not linear; 
the actual,shape varies with the shape of 
the saturation curve and may be modified 


“VOLTS. & 


Figure 3. ~ 


curve. Over the principal operating 
range, however, the relation of J; and V~ 
is reasonably close to the linear curve: 


T,=140+0.75 V 


1—Motor saturation curve, flux versus volts 
+ 


9—Test volt-ampere curve for 
|, =140-+40.75V She 
Qn) 3—Calculated volt-ampere curve ferregulator, 


regulator, 


shown as curve 2 on Figure 3. 
It is obvious that very careful precau- — 
tions must be taken in the design and con- 
struction of the motor to minimize the 
effects of residual voltage, as otherwise, 
the performance of the system will differ 
widely between ascending and descend- 
ing tests. principle of the regulator is very simple. 
A nine-horsepower motor was built to The operating coils consist of 
these specifications and tested with a , 
regulator which controlled current and ; 
speed per the test points shown in Figure 
3. Speed-versus-voltage readings are 
shown in Figure 3, and speed*versus- 
torque readings are shown in Figure 2. 
The test points are well within specifica- 
tion limits except for the relatively yn- 
important points at the extreme low end 
of the speed range. 


V—(1+0.013],) 
8.95¢2-10°6 


“AO= Sa ss 


4—Test speed—voltage curve, revolutions per 
minute versus test voltage 


A heavy coil of a few turns carrying the 
entire line current. 


2. A differential-potential coil carrying 
current in proportion to system voltage. 


This regulator will adjust the generator © 
field until sufficient current flows, so that 
the algebraic sum of the ampere turns 
in the current coil and the opposing 
ampere turns in the potential coil will 
produce enough flux to balance the regu- 
lator spring. Each time the regulator 
acts to increase the current, it does so by 
raising the system voltage. . With in- 
creasing voltage it takes higher and 
higher values of current to produce equilib- 
rium. 

A decrease in torque, such as is pro- 
duced by an increase in altitude, tends to 
reduce the current drawn by the motor in 
proportion to the reduction in torque 
required to operate the blower. The 


Generator Characteristics 


No special characteristics are necessary 
for the generator insofar as meeting the 
requirements of the regulating system. 
Any generator capable of delivering the 
required range of voltage and the required 
range of current will be satisfactory so 
long as it meets general specifications 
for aircraft generators. For the model 
built and tested for this investigation 
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regulator, however, cannot permit .a 
decrease in current; instead it operates 
to raise the excitation on the generator. 
The increased system voltage increases 


Figure 4. A quarter section of the magnetic 
circuit of the motor 


Inset shows the restricted pole section which 
‘produces the desired saturation characteristics 


speed of the blower, and the increased 
speed increases the torque. This action 
continues, until both current and voltage 
have increased to a new equilibrium 
point for the regulator; at the new operat- 
ing point, horsepower, torque, and speed 
will have all increased to maintain the 
original air delivery in pounds per minute. 


—=—= REGULATOR — > = 
r 1 
BUCKING 


Figure 5. Schematic diagram of the electric 
coupling system 


Two refinements are necessary to make 
the regulator entirely satisfactory. In 
the first place, a shunt-wound generator 
never would build up voltage with a low- 
resistance motor across its terminals. 
For this reason, a starting contactor is 
provided which will open the motor cir- 
cuit until the generator has built up to a 
low voltage. During starting the current 
regulator necessarily acts as a current 
limiter, preventing currents in excess of 
the regulator setting by inserting the 
control resistance in the generator-field 
circuit. The drop in voltage will cause 
the starting contactor to open, and the 
system will cycle several times as the 
blower motor comes up to speed. This is 
not harmful in any way, as the line cur- 
rent is practically zero’ at the instant the 
contactor opens, and the only effect is to 
increase the time required for accelera- 
tion to. full speed. A series coil is pro- 
vided to hold the contactor in at low 
voltages. 
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The cece deticn whieh nee ie edeied 
to the basic regulator is a voltage-limiting 
device which acts to prevent the voltage 


from exceeding about 55 volts. This 


device is necessary because the system 
tends to be self-destructive in the event 
of loss of load for any reason. The device 
acts on the armature of the regulator as 
soon as the calibration voltage is reached 
and destroys regulator equilibrium in such 
a way as to make it regulate for 55 volts. 
Since the motor is shunt wound, motor 
speed is limited to a value only slightly 


Figure 6. The generator 
(left) and motor (right) 
of the electric coupling 


Figure 7. The regulator which controls the 
relation of current to voltage 


The voltage-limiting device may be seen to the 
back and right of the main regulator 


over the maximum rated speed of 10,000 
rpm. 


Conclusions 


It has been demonstrated that it is 
possible to design a motor with character- 
istics such as will result in a speed—torque 
curve with torque directly proportional 
to speed over an appreciable range of 
output, when the motor is operated from 
a system having voltage and current 
control of the form J=I,+AV. It also 
has been shown that a motor with such a 


“requirements within narrow limits. 
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the motor characteristics, 
in regard to control of the magnetic cir- 
cuit. 


quirements of specifications 
assure a constant rate of mass air deliv ae 
at any altitude between 8,000 and 30,00. 
feet when used with a centrifugal blow: - 
operating to supercharge an airpla 


A model has been built and tested, ana 
found to meet the specified speed—torque 
Tg 
was found during the tests that the steep- 
ness of the speed—torque curve could be 


: 
| 


| 


adjusted readily by changing the ratio. 
of current-coil ampere turns to potential-_ 
coil ampere turns and that the entire 

power-output level could be raised or 
lowered by adjusting the spring tension 

on the regulator. 
actual altitude performance. 


No tests were made of © 


The chief difficulties with the system | 
appear to lie in the accuracy required of 
particularly 


Elimination of residual effects re- 
quires careful selection of magnetic 


materials and elaborate annealing; the 


accuracy usually built into a regulator 
must, to-a lesser degree, be built into — 


the motor, since the motor characteristics 
form an important part of the regulating 


system. Some minor difficulties also 
may arise from temperature effects, but 
these do not appear important so long 
as the permissible speed variation is 15 
per cent. 

The speed-limiting action which takes 
place at maximum altitude appears in 
line with recent proposals to allow cabin 
pressure to decrease at altitudes above 
30,000 feet to lessen danger to personnel 
in the event of rupture of the airplane 
cabin. 

The project was a very interesting 
experiment; its future possibilities must 
be exploited by the experimental section 
of the Army Air Forces at Wright Field. 
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Peecaiesicn and seule of thea 


FCaictian National Railways’ Terminal, 


| ate ae Montreal, Canada 


R. G. GAGE 


NONMEMBER AIEE 


HE Peceigpiment # the Montreal 

Terminal of the Canadian National 
ai which was started in 1931 and 
lay dormant all during the depression 
years, was revived as an unemployment 
telief measure and continued as a wartime 
Measure in 1939. The project consisted 
of centralizing the four passenger sta- 
tions, the construction of a new station, 
and the alteration of existing freight yards 
and facilities. 

The Canadian National Railways’ 
facilities at Montreal are a combination 
of those of the Grand Trunk Railway and 
Canadian Northern Railway, both of 
which, together with the Canadian Gov- 
ernment Railways, were combined to form 
the Canadian National Railways System 
in Canada. The use of Bonaventure 
station, the old and outmoded terminal of 
the Grand Trunk Railway and Canadian 
Government Railways, for many years 
had been the cause of congestion and, 
owing to the numerous grade crossings of 
city streets involved, had been a source of 
serious city complaints. 

During its construction, the only way 
the Canadian Northern Railway could 
enter Montreal for its eastern terminus 
was by way of a three-mile double-track 
tunnel under Mount Royal, terminating 
in a passenger station at Lagauchetiere 
Street, adjacent to the uptown retail 
business district of the city. Having to 
operate through this long tunnel, the 
Canadian Northern Railway was forced 
to electrify its lines fora distance of about 
ten miles, including the tunnel, and one 
of the then (1914) modern and popular 
systems, namely 2,400-volt: d-c, was 
adopted. Six 1,000-horsepower locomo- 
tive units were built by the General 
Electric and the Canadian General Elec- 
tric companies and eight multiple-unit 
Sar equipments were provided, two of 
which were subsequently installed. 

After an exhaustive study just prior 
to 1930, it was decided to develop the new 
terminal on an enlargement of: the origi- 
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nal Canadian Northern station site. 
This now comprises 14 passenger- and 
three express-station tracks, of which the 
four through tracks in the center have 
platforms long enough to accommodate 
20-car trains. These station tracks con- 
nect with the double track of the Mount 
Royal Tunnel on the north and with six 
main tracks, tapering down to two, on a 
viaduct extending southward to the 
Victoria Bridge. The station building 
is centrally located in relation to the plat- 
forms, reducing to the minimum the dis- 
tance which passengers must cover in 
boarding or leaving trains. The plat- 
forms are of car floor height and are 
served by two broad stairways and an 
escalator leading directly on to the center 
line through the station concourse, im- 
mediately above. The subtrack area, 
extending throughout the station area, 
provides the express, baggage, mail, and 
customs facilities and is accessible by mo- 
tor or truck directly from Lagauchetiere 


Street, one of the main thoroughfares. 


Paper 45-10, recommended by the AIEE com- 
mittee on land transportation for presentation at 
the AIEE winter technical meeting, New York, 
N. Y., January 22-26, 1945, Manuscript sub- 
mitted October 25, 1944; made available for 
printing November 20, 1944. : 


R. G. Gace is chief electrical engineer, Canadian 
National Railways, Montreal, Quebec, Canada. 


Electric locomotives and trolley feeder breakers 
were manufactured by the English Electric Com- 
pany, London, England, and purchased from the 
Montreal Harbour Commission. Glass-bulb recti- 
fiers and rectifier transformers were supplied by 
the Hewittic Electric Company Ltd., Hersham 
(Walton-on-Thames) Surrey, England, through the 
Northern Electric Company at Montreal. Over- 
head trolley fittings were supplied by the Ohio 
Brass Company, Mansfield, whose engineers were 
also consulted in the design and application. 


Signal equipment for the Montreal area was pur- 
chased from the Union Switch and Signal Com- 
pany, Pittsburgh, Pa., who are also responsible for 
the detail engineering and construction. Signal 
equipment for the St. Lambert area was purchased 
from the General Railway Signal Company, 
Rochester, N. Y., who are also responsible for the 
detail engineering and construction. 


All of the above work was carried out by the chief 
engineer of the Canadian National Railways, under 
the immediate supervision of the chief electrical 
engineer and his staff. 
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_ Access to the station proper oe tani 

_ private automobile is from two pla: Ss 
located on the north and south sides, con- 
necting directly to the adjacent streets 
Direct access for pedestrians is by means 
of stairs and escalators at both the eas 
and west sides from Dorchester Street. 
The two upper floors of the station bidd’ op 
ing are occupied by the railway operatin 
staff. ; 


primarily on account of the elevation of 
the tracks in the Mount Royal Tunnel 


which is also the elevation of the track _ 
on Victoria Bridge leading across the © 


St. Lawrence River. The tracks be- 


tween these two points are constructedon 
a viaduct, thereby securing grade separa- _ 
The © 


tion of all intervening city streets: 
entire project has been laid out in such a 


As will be gathered, the entire station 
area is below the adjoining street levels, 
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way that the overhead rights for office __ 


buildings, hotel, auditorium, and so 
forth may be built without interfering 
with any of the existing structures as 
provision has been made for the necessary 
supporting foundations for such buildings. 
It is felt well within the realm of possi- 
bility that, with the normal growth of 
Montreal, this terminal area will develop 
in a similar manner to that of Grand 
Central Terminal in New York. 


Electrification 


Power for the Montreal Terminal is 
purchased from the Quebec Hydro Com- 
mission at three phase, 12,000 volts, 
being received from two independent 
substations which, together with six 
other substations, are connected to the 
66,000-volt ring of the power distribu- 
tion system. The two supply lines 
terminate in a railway transformer sub- 
station, located below the tracks in the 
station area, each line having capacity 
to carry the total terminal load of ap- 
proximately 6,000 kva. The main cir- 
cuit breakers on each of these supply 
cables are equipped with an automatic 
change-over device ensuring the con- 
tinuity of service in case of trouble aris- 
ing in the cable itself or in the substation 
feeding it. This 12,000-volt supply is 
stepped down to 4,000 volts, three phase 
for general distributions; 208/120 volts, 
three phase, four wire for general lighting 
and car charging purposes; and 575 volts, 
three phase for station elevators, fan 
motors, pumps, and so forth. Two in- 
dependent three-phase 4,000-volt circuits 
are run in conduit from this substation to 
the central control tower at the Lachine 
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i cana lift ae to edeaty energy for the x 
operation of the lift bridge over the canal 
_ and for the terminal signaling. 


The feature of the power system for the 
_ terminal which is of special interest is the 
use of glass-bulb mercury-arc rectifiers 
for supplying the 2,400-volt direct cur- 


rent for traction. Although these are 
--_ysed to a considerable extent for traction 


purposes in England and in other parts 
of the Commonwealth, it is their first use 
in Canada and probably any place in 
- 2,400-volt service. . 

Two independent 12, 000-volt three- 
phase circuits are run from the trans- 
former station and, protected by main 
circuit breakers connected with two 
2,156-kva 12,000/2,200-volt 3- to 12- 
phase rectifier transformers. Each trans- 
former feeds a bank of four glass-bulb 
rectifiers whose capacity under normal 
rating is 1,500 kw per bank and 3,000 kw 

on a five-minute peak rating. The 12 
‘phases in each transformer are con- 
nected in two three-phase groups joined 
at their neutral points by an interphase 
transformer; these two six-phase groups 
are in turn connected together at their 
neutral points by a third interphase 
transformer. The rectifiers are operated 
in pairs connected in parallel across six 
phases. Bulbs A and B are connected 
to the six phases comprising group one 
and bulbs C and D to the six phases com- 
prising group two. Each bank is pro- 
tected by a 2,400-volt d-c breaker with 
a normal time lag set to take care of the 
normal operating short-period peak loads 
but with a very high-speed setting for 
reverse current, protecting against re- 
verse flow between banks in case of a 
backfire in the bulb. 

The chief reasons for the selection of 
glass-bulb rectifiers instead of the more 
familiar steel-tank type were the de- 
cidedly lower cost to install; a much 
better delivery date under wartime 
conditions; the advantage of having the 
installed capacity in eight equal units 
instead of two; the elimination of all 
vacuum and cooling auxiliaries; and the 
excellent reported record in service on 
British railways. 

The rectifiers consist of vacuum-sealed 
glass bulbs fitted with six operating an- 
odes, each protected with a fuse, two 
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Figure 1. General terminal layout 
showing the extent of the electrifica- 
tion and signaling 
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eaune anodes, and an ate 
matic-starting anode. A p 
cury covers the cathode locat 


base of the bulb. ‘The bulbs are mounted — 


in steel cabinets with open grille doors’ 
for purposes of ventilation and are cooled 
by a fan located immediately beneath 
the bulb and connected so that its speed _ 
increases with ‘the total current in the 
rectifier. The life of the tubes, as in- 
dicated by the records in other railway 
installations, is a matter of years. In- 


dividual failures, of course, occur as a © 
result of defective workmanship or ma- — 


terial as in all types of equipment. 
The rectifier is started by energizing 
the 120-volt auxiliary circuit, which oper- 


ates a magnetic contactor whose function — 


is to cause a flexible contact to dip into 


the mercury pool and, when withdrawn, 2A 


to strike an arc. This arc energizes the 
exciting circuit and maintains continu- 
ous arcing on the exciter electrodes 
which in turn is automatically trans- 
ferred to the load anodes upon the appli- 
cation of load. Inasmuch as the rectifier 
has a permanent vacuum, no preliminary 
time is required for auxiliaries and the 
rectifier can take on its load immediately 
upon demand. It can, therefore, be 
thrown on or off the line from remote con- 
trol points, or could be controlled by a 
time switch if desired. By the use of a 
large number of anodes in multiple, 24 in 


this case, and the reduction of current 


concentration on the anodes, backfiring 
is eliminated, or at least none has taken 
place to date. 

The transformers are of the ein 
sulated self-cooled type, 3-to-12 phase, 
housing the interphase transformers, the 
auxiliary starting transformer, and a 
choke in the main rectifier circuit which 
controls the cooling-fan speed in propor- 
tion to the load. 

The rectifier station is designed for 

. remote control and to be operated without 
continuous attendance. The rectifier 
banks can be put on or off the line inde- 
pendently from manually operated re- 
mote-control points from the_ substation 
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tae 
Figure 2. Rectifier station showing t 
banks of rectifiers,,one on each side 
center aisle, with three of the ‘trolley sectior 
breakers in the far one be 


or at the interlocking cattle tower cr al 
the Lachine Canal. T 

In order to overcome atetferehen witt 
telegraph and telephone communications 
corrective equipment was installed con 
sisting of a coil of 30 turns and 1. 11é 
millihenries inductance in the negative 
return and four tuned shunts betweer 
the positive and negative to eliminate 
the 360, 720, 1,080, and 1,440 frequencies 
The rectifiers-are operated without inter 
ference with existing conumiaeaign cir 
cuits. 

In addition to the mercury-are rectifie 
station, direct current is supplied from 
motor generator substation originally in 
stalled by the Canadian Northern Rail 
way in 1918. This station consists o 
two three-unit sets composed of a 12, 000 
volt synchronous motor and two 1, 200 
volt 1,500 kw d-c generators connectec 
in series. This station is being held as : 
reserve and will, undoubtedly, be re 
placed by modern rectifiers when th 
electrification is extended. 

The catenary system throughout th 
terminal consists of steel bridges spannin. 
the main line tracks spaced on an averag 
of 180 feet apart, carrying copper con 
ductors of approximately 800,000 circula 
mils equivalent copper conductivity pe 
track, made up of a Copperweld and cor 
per main messenger, copper auxiliar 
messenger, and two bronze grooved tro! 
ley wires. The trolley system is divide 
into 12 sections, each provided with 
feeder breaker. Seven of these breaker 
with an auxiliary for emergency use, at 
installed in the rectifier substation, an 
the balance iti the switching room of tt 
interlocking tower at the canal. All tk 
breakers are remotely controlled by pusl 
button switches mounted on the sign: 
control panel in the operating towe 
The signal levermen, under the directic 
of the train controller, are thus able 1 


ELECTRICAL ENGINEERIN 


Interior of rectifier cubicle 


Figure 3. 


energize or de-energize any trolley section 
as called for by the exigencies of the serv- 
ice. They also control the rectifier sta- 
tion, putting either or both banks on or 
off the line as required. 

There are no special engineering fea- 
tures in the overhead system. It con- 
forms to recognized good practice for 
heavy-duty electrification. Owing to the 
steel shortage under war conditions, the 
satenary bridges are lacking in uniformity. 
At first they were designed and fabricated 
from new material, then from second- 
aand bridge steel removed from railway 
ridges and, finally, from creosoted tim- 
ser when steel became unprocurable. 

The additional electric locomotives 
1ecessary for an enlarged electrical opera- 
ion, together. with the feeder breakers 
or the 12 trolley sections, were obtained 
tom the Montreal Harbour Commission 
is a result of their termination of elec- 
tical operation. The electrical char- 
icteristics of the Harbour installation 
vere by design the same as those of the 
riginal Canadian Northern installation, 
o that it would be possible for the 
Sanadian Northern to operate on the 
darbour trackage in the interchange 
ervice. 

Throughout the electrified zone, one 
ail of each track is bonded for propul- 
ion return currents and the several re- 
urn rails in parallel tracks are cross 
onded together for conductivity. Ow- 
og to the use of direct current for pro- 
uulsion, it was necessary to install a-c 
ignal track circuits. Complications in 
he layout in some of the tracks, as well 
heir cost, made it desirable to avoid the 
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use of impedance bonds as frequently 
used with signal systems on electrified 
lines. This bonded return rail is used 
as a common rail for both signaling and 
traction, the other rail being insulated 
and retained for signaling. 

A new coachyard was built at Point 
St. Charles consisting of 32 tracks, 19 of 
which were electrified, lighted, and 
equipped with battery-charging, vacuum, 
and steam-heating facilities. The over- 
head consists’ of the lightest type of 
street-railway construction with the trol- 
ley carried from single cross messengers 
spaced at 80-foot centers. Thirty- 
three-foot 85-pound scrap rails, with the 
ends embedded about five feet in con- 
crete, are used as the trolley supports. 
The stresses in the trolley wires, as well as 
in the cross spans, are taken care of by 
dead-end guying. On each alternate 
support in the longitudinal rows, and 
staggered as between rows, is mounted 
a 6,000-lumen 20-ampere series lamp for 
lighting the yard. The lamps are sup- 
ported in a hoap-type: bracket mounted 
on the top of the trolley supporting poles 
giving a height above rail of about 28 feet. 
The lamps are fitted with symmetric 
refractors and are arranged in four regu- 
lated circuits. Very satisfactory and 
uniform lighting throughout the yard 
area has been obtained. 

A rather novel feature in this yard is 


‘the arrangement of the car-charging facili- 


ties. The constant-potential system is 
used, supplemented by portable chargers 
to take care of the occasional car re- 
quiring special attention, such as those 
fitted with Edison batteries requiring a 
higher charging voltage. 

Owing to the large variations in the 
total car-charging load, the usual practice 
of having two car-charging generator 
sets, with which at least one relatively 
large set would be running with a very 
light load for a considerable portion of the 
day, it was decided: to install 16 500- 
ampere 50-volt motor generator sets 
located on the midway through the center 
of the platforms and at the approximate 
center of the loads. Owing to the rela- 
tively narrow platforms, these sets were 
mounted in small houses about 15 feet 
above the platforms, thus permitting the 
ordinary use of platform trucks necessary 
in the servicing of trains. 

The houses, which also accommodate 


Figure 4. Control 

panel of the St. 

Lambert interlocker 

showing signal but- 

tons in the tracks 

and switch levers be- 
low 
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the regulating equipment, are accessible 
through a trap door in the floor. Win- 
dows provide ventilation in the summer 
and heat generated by the sets them- 
selves provides the necessary heat in 
winter. The wiring for each platform is 
the three-wire return-loop system with 
the operating coils of the voltage regulator 
connected across, thus maintaining a 
constant potential at all charging outlets. 
Each generator is protected by a current 
regulator, a fuse, and a reverse-current 
relay. There is also a magnetic starter 
with start-stop push-button control at 
the base of each house support. A series 
relay is connected to the d-c side which 
serves to automatically stop the set when 
the last car is taken off charge. This 
relay also makes it necessary to have at 
least one car on the circuit before the 
motor generator set will run. 


Signaling 


The signaled area is divided into two 
parts, that on the south or east side of 
the St. Lawrence River—comprising two 
main tracks with connections to a large 
freight yard at Southwark—extends from 
St. Lambert for four route miles eastward 
and represents 108 controlled functions: 
the balance on the north or west side of 
the river extends from the west end of 
Turcot freight yard through the station 
area into the Mount Royal Tunnel and 
includes main tracks varying from two 
to six and their connections to the 17 
station tracks. This latter installation 
covers about eight route miles and com- 
prises 607 controlled functions. The 
former, which is controlled from the tower 
at St. Lambert, is what is known as wire- 
controlled relay interlocking and is di- 
vided into four zones. Inasmuch as this 
territory is not electrified, but is in close 
proximity to electrified lines, two-rail a-c 
track circuits are used. The Montreal 
side consists of relay interlocking laid 
out in ten zones, each of which is con- 
nected with the operating tower at the 
Lachine Canal lift bridge by means of 
polar code control. As all of this area 
is electrified, single-rail a-c track circuits 
are used throughout. 

All main-line tracks throughout the 
aforementioned entire areas are provided 
with signals for movements in both direc- 
tions and trains are governed by signal 
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indication only. All relay racks and 
panels were wired in the, factory before 
shipment and all relays are of the plug-in 
type which permits replacement without 
interfering with the permanent wiring 
‘and with minimum interruption to the 
service. 

All signals are of the searchlight type 
using ten-watt ten-volt precision-based 
lamps, giving a strong parallel light beam 
which is clearly seen in bright daylight. 
This signal consists of a relay mechanism 
carrying three small colored screens on its 
armature, so arranged to show green with 
one polarity on the relay, yellow on the 
opposite polarity, and red when the relay 
is de-energized. The signal also includes 
a well-designed lens system producing a 
well-defined light beam. The signals at 
St: Lambert are of the standard inter- 
locking type mounted on high ground 
masts or bridges fgr main-track move- 
ments and single-light dwarf signals for 
inferior-track movements, whereas all 
signals on the Montreal side are of the 
two-unit, low, ground type. The color 
aspects as shown by the signals are the 
usual: green—‘‘proceed”; yellow—‘‘pro- 
ceed, expecting to find the next signal at 
stop’; and red—‘‘stop.” On the Mon- 
treal side, and at some points on the St. 
Lambert side, an aspect of red over yellow 
is displayed with the meaning to “pro- 
ceed expecting to find the immediate 
block occupied.” This means that an 
engineer accepting a red over yellow 
signal moves upon his own responsibility. 
This signal is necessary in terminal opera- 
tion to enable locomotives to enter a block 
to connect with a train either in switching 
or in engine-changing operation. Dwarf, 
that is, low ground-type, signals are used 
in the Montreal interlocker throughout in 
order to utilize the trackage to the fullest 
extent and also to enable the signal to be 
located at the point at which it governs. 
The use of the low signals at Montreal 
also very greatly simplifies construction 
by separating the signals from inter- 
ference with the electrified overhead 
system. 

The interlocking machine at St. Lam- 
bert is made of a black-on-white lami- 
nated-plastic panel with the tracks milled 
out, showing a permanently white track 
diagram on a black background. All the 
switches are equipped with point in- 
dicators, which correspond to the opera- 
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Figure 5. Operating panel and track dia- 

gram of Montreal interlocker showing the 

switch and signal push-turn buttons on the 

panel. Those in the triangular portions con- 

trol the are rectifiers and the trolley-feeder- 
section breakers 


tion of switch points in the track and offer 
a continuous broad white line, indicating 
the route which has been set up for a 
train movement. Signals are shown .by 
illuminated push buttons located in the 
track where the signal is located. A 
green light in this button indicates that 
the signal is in the ‘‘proceed’’ position. 
The switches are controlled by small key 
switches located on the panel directly be- 
low the function. Miniature lamps 
located in each track section show by a red 
light the position of all trains throughout 
the interlocked area. 

The Montreal interlocking machine, 
owing to the number of functions con- 
trolled by it, consists of an operating 
panel and a track diagram. The operat- 
ing panel is of the desk type with an in- 
clined top, similar to the control panel 
in many a-c power stations. The switches 
and signals are controlled by miniature 
push-and-turn type switches on the panel, 
located in convenient groups in relation 
to the functions controlled and as shown 
on the track diagram. The track dia- 
gram is a large elevated vertical panel 
on which is painted in colors the various 
track circuits throughout the controlled 
area. Each track section is fitted with a 
lamp which shows by a red light when the 
track is occupied. Signal locations are 
indicated by lamps adjacent to the track 
governed which, when lighted with a 
green light, show that the signal is in the 
“proceed” position. All signal lights are 
put out when passed by a train and the 
red track-occupancy lamp goes out as soon 
as a train passes the immediate track 
section. It will thus be seen that the 
progress of a train throughout the inter- 
locked territory can easily be followed by 
the train controller. This is very dif- 
ferent from former times. Now, regard- 
less of the distance a train is from the 
tower, or of the weather conditions pre- 
vailing along the track, the controller is 
continuously informed as to the position 
of all trains in his territory, 

In two respects the Montreal installa- 
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tion is of particular interest to the engi 
neering profession. The first is the area 
over which the control of the | track 
switches and signals i is centralized in this 
one machine. This perhaps is unique at. 
the present moment, as the ten controlled 
zones comprising the interlocker would 
formerly have been controlled by perhaps 
five or six independent interlockers. The 
second point, and one which made this. 
centralization of control possible, is the 
use of a high-speed code connecting the. 
control machine with a bungalow or con- 
trol point in each of the ten zones. The 
coding is performed over a set of six 
wires, three of which are reserved for the 
outgoing control code and three for the 
incoming indication code. The code ity | 
self consists of a series of d-c pulses, in 
which two line wires are Ras | 
energized and de-energized. During the 
energized periods the line circuit may be 
of either positive or negative polarity. 
Only two wires are used during coding, 
the three wires being used to determine 
the polarity of the line circuit. 

When the signalman depresses a 
switch or signal-control button on the 
control panel, he initiates a control code, 
which, after passing through the proper 
interlocking relay group, passes over the 
control-code line circuit to a control-re- 
ception panel in the zone bungalow, then 
to the function-control relays and finally 
to the wayside relays and apparatus, that 
is, to the switch-point operating mecha-_ 
nism or signal... When ‘the function has 
operated in accordance with the code sent 
out from the control tower, the comple- 
tion of such operation initiates a cor- 
responding indication code which runs 
through corresponding relay groups and 
over the indication-line circuit, back to 
the control machine in the case of a 
switch-point operation, and to the track 
diagram in the case of a signal operation, 
thus, by means of indication lamps, in- 
forming the signalman that his instruc- 
tion has been completed. This code is 
unique in the speed with which it oper- 
ates, namely 35 pulses per second. 

The fact that the entire Montreal 
Terminal area has. been equipped with 
signals so that trains may run in either 
direction on all the main tracks and that 
train operation is entirely by signal in- 
dication, without the use of train orders, 
has resulted in a very great reduction in 
freight-train delays. The operation of 
the terminal since the opening of , the 
Central Station in July 1943 would in- 
dicate that the centralizing of signal con- 
trol over a relatively large terminal area 
is feasible and economical, and that the 
combination of the duties of signalmen 
in controlling the movements of trains, 
as well as controlling by remote opera- 
tion the trolley-feeder switches of the 
electrified zones, is also practicable, and 
that the men readily learn and appreciate 
the functions of the equipment which they 
are asked to control. 
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A Modulated-Frequency System of 


Telemetering 


HAROLD E. RENFRO 
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ITH today’s centralized control and 


supervision of power systems, it is 
essential that the man at the controls 
knows what is going on at all outlying 
stations and interconnection points. 
Telemetering equipment keeps him in- 
formed of load changes, transfer of power 
from one system to another, variations in 
voltage, and all other values that are 
necessary for efficient operation. 
No one system of telemetering can 
meet all requirements. The speed of in- 
dication, accuracy, number of separate 


_ channels available, dependability, ease of 


totalizing, freedom from interference, the 
availability and need of repair parts, and 
the initial cost, as well as maintenance 
cost, are factors that determine the de- 
sign of any system of remote metering. 
A résumé of the telemetering practice up 
to 1941 will be found in the report of the 
joint committee of the AIEE committee 
on automatic stations and the AIEE com- 
mittee on instruments and measurements, 
published in October 1941. That report 
also contains an excellent bibliography 
on telemetering systems and methods. 

When the Department of Lighting of 
the City of Seattle wanted a telemetering 
system which would operate over a car- 
rier-current channel they were unable to 
locate such a system that would give 
them continuous and instantaneous read- 
ings. They felt that, for their purposes, 
an impulse system which provided read- 
ings at regular intervals was not the an- 
swer to their problem. Furthermore, 
they wanted a system that would permit 
several readings simultaneously over a 
single set of conductors. It was this need 
that led to the development of a modu- 
lated-frequency system of carrier tele- 
metering. 

The telemetering system herein de- 
scribed was designed to give continuous 


_and almost instantaneous readings which 


are independent of supply voltage and are 
not affected by wide variations in remote- 
line characteristics. It was designed to 
operate with a high degree of depend- 
ability during emergencies, to permit a 
large number of channels on one pair of 
conductors, to give very fast response, 


Paper 45-19, recommended by the AIEE committee 
on instruments and measurements for presentation 
at the AIEE winter technical meeting, New York, 
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and to incorporate certain other desirable 
features. 

The transmitter generates its own car- 
rier frequency making it unnecessary to 
provide a separate carrier-current system. 
Standard radio receiver tubes are used 
throughout and all parts subject to wear 
or breakdown are easily replaceable stand- 
ard radio parts. 


General 


The block diagram, Figure 4, illustrates 
the principle of operation and this will be 
described briefly. In the telemeter trans- 
mitter is incorporated the primary in- 
strument, such as a wattmeter, which 
determines the values to be transmitted. 
This primary instrument controls the 
frequencies of two high-frequency oscilla- 
tors whose outputs are converted into a 
single beat frequency. The beat fre- 
quency, which varies with the magnitude 
of the quantity being measured, is ampli- 
fied and transmitted over the line, 
whether it be a transmission line or a tele- 
phone line. Normally, capacitive cou- 
pling is used with a transmission line 
whereas inductive coupling, with a band- 
pass filter to separate the carrier fre- 
quencies from the voice frequencies, is 
used with a telephone line. Only tele- 
phone-line applications will be described 
here. 

At the receiving point the incoming 
signal from the line is amplified and then 
mixed with the output of a local oscillator 
of constant frequency. This converter 
stage is followed by a low-pass filter 
which attenuates all but the beat fre- 
quency. The current at this beat fre- 
quency is then amplified and fed into a 
frequency meter, of which the final indi- 
cating instrument is a part. 


Transmitter 


The schematic diagram of the tele- 
meter transmitter is shown in Figure 6. 
The primary instrument actuates two 
variable capacitors, C, and C2, which, in 
turn, simultaneously control the fre- 
quencies of the two oscillators. The 
variable capacitors form part of the ca- 
pacitance of the frequency-determining 
resonant circuit of each oscillator. 

The greatest difficulty with instru- 
ments of this type that have been tried in 
the past has been that a variable capaci- 
tor on the shaft of the primary instrument 
develops a torque of its own that varies 
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with the potential applied to it. A vari- 
able inductance develops a somewhat’ 
similar torque due to current through it. , 
This destroys the calibration of the in- 
strument and makes a reliable system im- 
possible, unless counter measures are 
taken. ; 

An analysis of the torque developed by 
a variable capacitor with a voltage across 
its plates shows the following to be true: 
two conductors separated by an insulator — 
tend to move toward each other when a 
difference of potential exists between | 
them. With parallel-plane conductors of 
infinite area, this force is perpendicular 


Front view of the assembled tele- 
meter transmitter 


Figure 1. 


The two wrought-iron tanks at the bottom 


house the oscillatory circuits 


Figure 2. Telemeter receiver 


The indicating instrument is not shown 


TRANSACTIONS 45 


_ between them, a difference of potential 
causes several forces which are listed be- 
- low. Figure 5 illustrates these forces and 
: also shows the manner in which the two 
capacitors are formed by the stationary 
"plates and Geen Diet disk of the primary 
instrument. 


at 
stator which are balanced by forces between 

the rotor ‘and lower stator. These forces, 
- which are not shown on Figure 5, are parallel 


et to the shaft and do not tend to rotate it. 


2. Forces between the stator plates and 
the extended parts of the_rotor, shaft, and 

so forth, which are symmetrical about the 

axis. These forces, shown as A1, Ao, A;, and 
Aj, are radial and do not tend to produce 
-Totation. 


= 3: E Fortes between the Haperaeal edge of 
the rotor and the stators when the rotor is 
,not fully meshed. These forces, shown as 
By, Bz, Bz, and By, are tangential and tend 
to turn the rotor in a direction that will mesh 

_ it deeper between the plates of the stator. 


Thus, the only rotary electrostatic 
force is due to edge effect so that, with 
plates so shaped that the edge exposure 
is constant with any angle of rotation, 
the torque produced is dependent only 
on difference of potential and is entirely 
independent of angular position except 
near zero mesh and full mesh. Through- 
out practically the whole angle of rota- 
tion, the torque may be kept constant 
with constant applied potential. Cur- 
_ rents flow radially and so do not produce 

any torque. 

Two variable capacitors having a com- 
mon rotor are incorporated in the trans- 
mitting instrument in such a manner that 

. increasing the mesh of one capacitor de- 


y 


+ 


ae pnerican hs ae ey fixed ne same volt: ge a 


h a single semicircular rotor midway 


Figure 4. 


‘Forces between the rotor and upper — 


and the rotor, © 
torque qin is produced. 


Block 
diagram of the modu- 
lated-frequency sys- 
tem.of telemetering 


Hl 
be 


. 


Since the two capacitors formed by the 
plates and damping disk are of small ca- 
pacitance, the oscillator frequencies must 
be high in order to obtain the desired 
frequency change with a given angle of 
rotation of the instrument shaft. A fast 
response to changes in measured values 
is obtained since no mechanical connec- 
tion is made to the shaft and all torques 
due to electrostatic forces are eliminated 
through cancellatiort. 

Various oscillator frequencies can be 
used and, in the case of several metering 
sets operating over a common line, the 
frequencies must be separated sufficiently 
in order to provide the required number 
of channels. A remote-metering arrange- 
ment using typical oscillator frequencies 
will be described. 

One of the variable capacitors de- 
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creases the mesh of the other. At the 
time that one capacitor is at maximum 
mesh the other is at minimum mesh so 
that the two oscillator frequencies ap- 
proach or recede from each other with ro- 
tation of the common rotor. The two 
capacitors have a common rotor which is 
formed by the damping disk of the watt- 
meter. Each of the two stators consists 
of two parallel aluminum plates spaced 
0.083 inch apart and mounted so the 
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Figure 3. Indicating instruments at the receiv- 
ing end of six telemetering systems 


scribed herein is in an oscillator circuit 
arranged to generate 50,000 cycles per 
second at minimum mesh of the capacitor 
plates and 49,500 cycles per second at 
maximum mesh. The other variable ca- 
pacitor is in an oscillator circuit which 
generates 60,000 cycles per second at 
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Electrostatic forces in two rotary 
variable air capacitors, each having two iden- 
tical semicircular parallel fixed plates 


Figure 5. 


A single semicircular rotor midway between 
the fixed plates is common to both capacitors 


cede from each other with rotation of the 
transmitting instrument shaft. The os- 
cillator tubes are A and B in Figure 6. 


-In order to insure an accuracy of two- 


per cent, the maximum frequency varia- 
tion of each of the three oscillators used in 
the system cannot vary more than two 
thirds of one per cent, assuming zero 
error in other components. Investigation 
showed that electron-coupled oscillators, 
tuned by a combination of positive- and 
negative-temperature-coefficient Ceramic 
fixed capacitors plus a very small variable 
capacitor, have excellent stability over 
long periods of time. All oscillator cir- 
-cuits used in this system of telemetering 
are stabilizedinthismanner. The amount 
of negative-temperature-coefficient capaci- 
tor capacitance necessary to compensate 
for the coil and positive-temperature- 
coefficient capacitors in the set as de- 
scribed here was 10.71 per cent of the to- 
tal capacity. Coils and mountings were 
developed that repeated their tempera- 
ture-frequency characteristics faithfully. 

The two voltages which are generated 
by the oscillators are fed into a converter 
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a low-pass filter which attenuates the 
hich frequencies and all harmonics and 


Schematic diagram of the tele- 
meter transmitter 


Figure 6. 


a! 


passes only the beat frequency to an 
amplifier which is arranged in push-pull. 
In Figure 6 the amplifier tubes are D and 
E. 

The amplifier feeds the line through an 
inductive coupling unit (7)) which has 
laminated phenolic-sheet insulation be- 
tween the primary and secondary wind- 


— ings and is capable of withstanding the 


highest voltage exposure of the line. A 
single-stage low-pass filter with a cutoff 
frequency of 4,500 cycles per second pre- 
vents the carrier power from entering the 
telephone instrument circuit where it 
would be wasted. This filter is not shown 
in Figure 6. 


Receiver 


The schematic diagram of the telemeter 
receiver is shown in Figure 7. At the re- 
ceiving point the telephone line connects 
to a coupling unit similar to that at the 
transmitter. Voice frequencies are passed 
on to the telephone unit and the carrier 
frequency goes to the metering receiver. 

The receiver consists of one 10,000 to 
11,000-cycle amplifier stage, local os- 
cillator, detector, low-pass filter, audio 
amplifier, frequency meter with indicat- 
ing instrument, and a voltage regulator. 
The high-frequency amplifier stage (tube 
A and associated circuits) is fixed in fre- 
quency and is adjusted to 10,490 cycles 
per second. This frequency is approxi- 
mately the geometric mean between 10,000 
and 11,000 cycles per second. The 
local oscillator (tube F) has a constant 
output frequency of 9,900 cycles per 
second. The oscillator output and the 
high-frequency output are fed into the 
converter stage (tube B) where a beat 
frequency is produced. This beat fre- 

“quency varies between 100 and 1,100 
cycles per second. The high frequencies 
and all harmonics are eliminated by the 
low-pass filter which follows the converter 
stage. The output of the low-pass filter 
(100 to 1,100 cycles per second) is then 


Fesruary 1945, VoLuME 64 


- The Biteae af the converter i is fed into _ 


es erie ian wea is i See ers mene? Res? 


ees ott n®: 
a pale ary 2 ts 
7 ; < 


aie asnphibed! by. ie adic: Plier ibe 7 
In- 


C) which feeds the frequency meter. 
corporated . as a part of the frequency 


meter is the final indicating instrument. 


Its pointer is at the left end of the scale 
with 100-cycle input and at the right end 


_ of the scale with 1,100- -cycle input. 


~ 125V D-C 


' OUTPUT 


The frequency meter consists of two 
triode tubes, D and E, connected in se- 
ries; that is, the plate of E is connected 
to the positive line, its cathode is con- 


nected to the plate of the other triode, D, 


and the other cathode is connected to the 
negative line. A fixed capacitor is 
shunted across the plate and cathode of 
each tube. These capacitors are shown 
as Cz;and Cy. The grids in normal opera- 
tion are biased beyond cutoff so that no 
plate current flows except that due to a-c 
grid excitation. At the time one grid is 
made more positive, the other is made 
more negative so that both tubes cannot 
conduct at the same time. Both tubes 
may be nonconducting at once but con- 
duction is alternate. When either tube 
becomes conducting, it discharges the ca- 


pacitor across its plate-cathode circuit / 


and charges the capacitor which is con- 
nected across the nonconducting tube. 
When the grid polarities change, the op- 


INPUT 


posite capacitors charge and discharge. 
A d-c milliammeter in series with the d-c 
supply shows the average current used to 
charge the capacitors. With a constant 
direct voltage each charge requires a 
definite current for a definite time. The 
time of discharge and charge is shorter 
than the period of one input alternation 
at the highest frequency used and there- 
fore the d-c milliammeter reading is a 
definite indication of the number of 
charges per second. The number of 
charges is controlled by the input fre- 
quency and is independent of the input 
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‘heh receiver are iba eee: from an oe 
tronic voltage regulator which is of a type 


frequently used and will not be described 


here. The neon-glow tube, J, and vacuum 
tubes G and H with their associated cir- 
cuits comprise the voltage regulator. 
The actual output potential remains con-" 
stant at 80 volts pee the line ‘ole 
between 100 and 130. 

Zero current in the indicating instru- 
ment puts the pointer off scale to the left. 
Such a condition indicates that the d-c 
power supply is off at the receiver or that 
the frequency-meter tubes have failed. 
If the transmitter power is off, or if the 
line is in trouble so that no carrier cur- 
rent is received, the bias is removed from 
the frequency-meter tubes and the indi- 
cating instrument goes off scale on the 
upper end. In this case the current is 
limited by degenerative resistors in the 
cathodes of the frequency-meter tubes. 
If the indicating instrument pointer is on 
its scale, the observer knows that none 
of the troubles just mentioned are being | 
experienced. 

Totalizing at the transmitter may be 
accomplished by a multiple-wound cur-— 
rent transformer in the a-c circuits to the - 
wattmeter. Totalizing at the receivers 
may be done in the frequency-meter out- 
put circuits by adding the direct current — 
in a lead common to several instruments. 
Strip chart recording d-c milliammeters 
are available for continuous records at. 
the receiving point. 

Six complete sets of this system of tele- 
metering are now in continuous service 
and have been for the past few years. 
The experience thus gained definitely 
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Figure 7. Schematic diagram of the telemeter 
receiver 


indicates that the equipment has met the 
requirements expected of it. It provides 
almost instantaneous indications with 
standard accuracy. It permits-a large 
number of readings to be transmitted 
over a single circuit and it is a simple 
matter to totalize readings from several 
transmitters. It is dependable and free 
from interference. It has proved easy to 
maintain at a minimum of expense. 
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OME years ago a prominent member 
of a group of engineers, who at that 
e called themselves ‘‘efficiency”’ engi- 
1eers, had for a pet slogan the expression 
“whatever i is, is wrong.” For the present 
Sie ". purpose any objections to this saying 
from the standpoint of syntax will be 
passed by but it has been observed that 
ethods” and procedures that for years 
ave been refined in the crucible of prac- 
ice usually have survived because they 
o have merit. Nevertheless the field of 
echnology is anything but a quiescent 
one and it is desirable, therefore, that 
long existing methods, procedures, and 
+ standards be subject to constant scrutiny 
in the light of new developments. 
_ For over 50 years the electric circuits 
and equipment on board electric railway 
_ cars have been in process of development 
and many of the electrical features of de- 
sign and construction have long been 
pretty well standardized. For a similar 
period of time the electric circuits on 
automobiles have been undergoing a simi- 
lar procedure and with a similar end re- 
sult. At the turn of the century many 
enthusiastic electrical engineers believed 
_that ‘‘the last stand” of the steam engine, 
- namely, the steam locomotive, was about 
to be wiped out. Apparently these en- 
thusiasts did not take into account all 
of the economic and technical factors. 
Steam-railroad electrification did not 
proceed apace and there developed much 
individuality in design. Standardization, 
therefore, is not as well developed as it is 
in the previously mentioned self-pro- 
pelled vehicles. In more recent years 
the trolley bus has come to stay, it ap- 
pears, and the “‘streamliner”’ train de- 
velopment with Diesel-electric motive 
power is making another assault on the 
“Yast stand.” 

In heavy railroad service interchange- 
ability of equipment comes high in the 
list of the ‘‘must’’ requirements. A 
number of engineers have, for some years, 
been feeling that there should be a new 
scrutiny of existing electric-circuit and 
equipment standards and practices with 
the objective of setting up standards and 
recommended practices which, at least 
in the heavy transportation field, will 
further equipment interchangeability and 
promote efficient maintenance and repair 
methods and practices. 

A few years ago a subcommittee of the 
committee on land transportation of the 
Institute was appointed to study this 
problem. A report was formulated but 
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the war and other causes prevented the 
report from receiving any attention ex- 
cept in the committee on land transpor- 


‘tation. With the postwar period loom- 


ing up in the near future and with new 
transportation developments in the offing 


_ this appears to be an opportune time to 


discuss the problem again. 
This paper is largely abstracted from 
the report of the subcommittee and the 


writer is indebted to the members of the - 


subcommittee and the general committee 
for many of the ideas here presented. 
It is not expected that all engineers in- 
terested in the subject will agree with 
everything stated here. 
hoped that they will not and that this 


paper will serve as a target to bring out 


constructive criticism and also new view- 
points so that in the end there may be 
some clarification and also some crystalli- 
zation of the ideas now extant on the sub- 
ject. 

An analysis of the problems originally 
assigned to the subcommittee indicated 
that three topics were involved: 


1. Grounding of circuits on vehicles. 


2. Current leakage in self-propelled rubber- 
tired vehicles. 


8. Static charges on vehicles. 


The third topic is not necessarily re- 
lated to the other two. Also, the second 


-and third topics, while pertinent, are of 


secondary importance from the stand- 
point of the main objective of this paper 
which deals with the electric circuits on 
board self-propelled vehicles. The first 
question of importance is, ‘‘What is the 
present state of the art?” 


Present State of the Art 


Circuit GROUNDING 


A study of the National Electrical Code 
and other safety regulations with refer- 
ence to circuit grounding indicates that 
inside circuits are grounded to limit the 
voltage which may be impressed on a 
circuit by exposure to lightning; or by 
exposure to, or conflict with, higher volt- 
age lines; or to limit the maximum po- 
tential to ground which may result from 
the normal operating voltage. 

These limitations, which grounding is 
supposed to impose, are sought primarily 
in an endeavor to reduce the hazards 
from fire and electric shock or burn. A 
secondary objective is to minimize the 
hazards to service; for example, service 
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Frankly, it is 


rather x arbitrarily, as; 


(a). Single-conductor 


return is a air t 
bus frame from the 
source. In the or 
distribution system the tr 
ground form the. erga: return 
power supply. ha" 


(b). Two-conductor circuits witht oth con- 4 
ductors insulated. ; 2 


(o. Two-conductor circuits with one con- 
ductor grounded. The ‘‘ground” may be. 
at one point or at several points. It may 
be a ‘dead’ or solid ground, a ground % 
through a resistance, a fuse or a protective — | 
relay of some sort, or through a combination 
of these components. 


As used here the term “vehicles” in- — 
cludes electric locomotives, steam-elec-— 
tric locomotives, Diesel-electric locomo- 
tives, storage-battery locomotives, street- 
cars, electric motorcars, trolley busses, — 
gas-electric busses, Diesel-electric busses — 
and gas busses, and automobiles used in _ 
public transportation service. Also, the — 
foregoing classification covers only d-c _ 
and single-phase a-c circuits. . i 

In the selection of the proper circuit — : 

: 


for a given service the engineer does not 
always have a free choice. For example, 
the power circuits of electric motorcars 
and locomotives which operate on rails 
and receive their power from an outside 
source ordinarily must use the class (a) 
circuit. Similarly, for practical reasons, 
the main circuits in a trolley bus must 
belong to class (0). 

The choice is not so restricted, however, 
for the following circuits: > 


1. Traction motor circuits on steam- 
electric, Diesel-electric, and conversion-type 
electric locomotives. 


2. Main power circuits on gas-electric and 
Diesel-electric busses and trucks. 


38. Starting, lighting, and other auxiliary 
services on busses, trucks, and automobiles. 
4, Auxiliary circuits on electric motorcars, 
locomotives, and trolley busses. 


5. Electric circuits on railroad passenger 
cars, 


This lack of restriction has resulted in a 
considerable diversity of opinion among 
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rage-battery 
n, other cars. use Mintel phase 220- 
ower service to operate their air 
ioning apparatus. There is a dis- 


i TL 
cernible. trend toward the use of even — 


higher-voltage three-phase. systems. 
~ Common questions which arise are: 


Should the main power circuit ona Diesel- 


electric or gas-electric bus or locomotive 
be grounded or kept well insulated? If 


¥ grounded, should the ground be a solid 


ground or a resistance ground? Should 


' the circuit be grounded through a fuse or 


a relay? Should control, lighting, and 


_ other auxiliary services use AGU or 
ungrounded circuits? — 


These questions cannot be dhopeted 


NM haphazardly. Often there is more than 


_ one good answer to a question. At any 
rate, the evidence available indicates 


that circuit design for self-propelled 


_ vehicles at present is not a universally 
_ standardized procedure. 


In the selection of the proper circuit, 


the engineer should be guided by such 
- considerations as safety, technical require- 


ments, economy in first cost, and con- 


tinuity of operation. Mostly the choice 


is, perforce, a compromise. 
The outstanding advantages of the 
single-conductor ground-return system 


_ are simplicity of circuit layout, low first 


cost, and the quick detection and ease of 
location of faults. Its disadvantages 
are the lack of constancy in circuit resist- 
ance and the fact that a fault on the single 
conductor may render the circuit inop- 
erative at some time when operation of 
some sortis absolutely necessary. Circuit- 
resistance variations are caused by loose 
Tivets, bolts, joints, and so forth, in the 
mechanical parts. These poor contacts 
may result in burning and corrosion of the 
metal frames and leakage through bear- 
ings may cause serious bearing trouble. 
In automotive equipment this circuit 


is used almost universally and the ap- 


paratus and accessories necessary in its 
application are highly developed and 
very economical in cost. 

The system of employing two insulated 
conductors has the advantage of making 
possible a high degree of circuit insulation 
and isolation. It is practically the only 
choice for all circuits fed by trolley volt- 
age in the trolley bus. Circuit resistance 
is easy to maintain at a constant level 
and the likelihood of failure is less since 
there must be a fault on each line before 
complete circuit failure can occur. 
This advantage becomes a real disadvan- 


‘tage, however, when the matters of fault 


indication and location are considered. 
This circuit costs more and there seems 
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vantage as “compared with the ‘ground. 
_ return circuit. This is notably true i in the 
case of certain: control and signal circuits 
where an opening in the common return: 


-sort of trouble developed. 


wire might cause false indications or false 


operation. 


Circuits of the third class (those cai 
two conductors, one of which is grounded) 
have a wide field of application, poten- 
tially at least. _ They are high in first cost 


-and maintenance but provide current 


paths of constant resistance and a ready 
means of fault indication and location, 
Such circuits appear to be particularly 
applicable to the traction motor circuits 
on a-c and Diesel-electric locomotives and, 


in general, wherever a circuit path of ‘ 


high integrity is required. 

The preceding discussion applies only 
to d-c and single-phase services. 

The heavy power demands on modern 
railway trains have resulted in the installa- 
tion of three-phase generating units on 
some trains. Voltages up to 220 volts are 
in use and higher voltages have been given 
some consideration. The circuits used 


_ require a minimum of three conductors. 


As the 220-volt three-phase circuits used 
for supplying the air conditioning appara- 
tus on some railway passenger cars must 
be operated from the standby power 
services in the yards, grounding of the 
circuits on the cars is not feasible because 
of the possibility of neutral or other 
grounds on standby services. Where the 
220 volts is transformed within the car 
to some lower voltage for lighting or 
other low-voltage service it seems to be 
customary to ground one side of the low- 
voltage service. 


CURRENT LEAKAGE IN SELF-PROPELLED 
RUBBER-TIRED VEHICLES. 


A number of years ago, when someone 
took some streetcars off the tracks and 
mounted them on wheels suitable’ for 
operation over street pavements, a new 
People on 
the street sometimes received severe elec- 
tric shocks when they stepped aboard 
the new “‘trackless trolleys.” Circuit 
insulation which never gave any trouble 
in the old single-conductor ground-return 
streetcar circuits developed electrical 
leaks. The early equipment was adapted 
streetcar equipment and was not suitable 
for use on a vehicle where the body could 
not be solidly grounded. Considerable in- 
vestigation was done on this problem by 
equipment users and manufacturers as 
well as by the American Transit Engi- 
neering Association and its predecessor 
organization. It was found that if all cir- 
cuits, power and auxiliary, were very 
carefully insulated from the bus body, 
“hot” body trouble was no longer a 
major worry. Busses gave little or no 
trouble from current leakage when insu- 
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q ths Power ‘circuits (without | 
motors) i in Parallel with other” 

; circuits. . ie 

* 2h einai vidal motors. . 
3. Assembled control Peas atta 
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' One Hasire: tries to maintain ae, a 
times the bus-body-to-trolley resistance 
greater than three megohms. 

Procedures for the mitigation o 
rent leakage troubles have also inch 
in some cases, the use of insulated st 
door handles, stanchions, 
handles, — 

All in all, the problems “iat arise re. 
current leakage are so well in hand tt 
the subject would not have been di: 
cussed here were it not for the fact the 


namely, static charges. 


STATIC CHARGES 


In modern busses and automobiles 
static charges have been the source of no O- 
little trouble under certain atmospheric 
conditions. Present-day upholstery ma- ee 
terials and modes in wearing apparel have a 
combined to accentuate the difficulty. 2 

The electron theory has afforded the , 
physicists an easy explanation of the ac- 
cumulation of static charges. These, | 
charges are often spoken of as frictional — 
electricity although friction itself seems _ 
to have little to do with the matter. 
When two dissimilar materials such as 
wool and rubber or silk and glass are 
pressed tightly together or are rubbed. 


. together some of the electrons stray from _ 


one material to the other. For example, 
electrons will stray from the wool to the 
rubber leaving the wool positively charged 
and the rubber with a negative charge. 
When silk and glass come in contact some 
electrons leave the glass and go to the 
silk so that the glass becomes positively 
charged and the silk negative. Charges 
so produced are common causes of trouble 
in printing presses, grain elevators, textile 
elevators, textile mills, moving belts, 
gasoline filling stations, and so forth. 

As far as vehicles are concerned, two 
types of trouble are encountered. These 
may be arbitrarily designated as ‘‘inside” 
and “‘outside”’ troubles. 

The modern seat cushion with a mohair 
or woolen-cloth cover and a_ rubber- 
cushion filling becomes really quite an 
ideal electrostatic generator when some- 
one with rubber-soled shoes sits on the 
cushion. The passenger’s body rapidly 
acquires a positive charge by conduction 
from the seat cushion if the air is dry 
enough to prevent leakage of the charge. 
When the passenger touches the signal 
button to indicate his stopping place, he 
receives a shock which he is quite likely 
to attribute to the signal circuit. The 
shock is identical to the one the passenger 
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walking over a. woolen carpet or waxed — 
or, he should happen to touch a metal — 
_ object. Other causes of ‘‘inside’’ shock 
are scuffing of feet on rubber floor mat- 
tings and sliding on rubber- fabric seat 
, coverings. These shocks are not in them- 


_ passengers to injure. themselves in some 
_ other: way. There seems to be no easy 
‘way of mitigating this trouble. Proper 
- combinations in upholstery and. the cov- 
ering of all metal objects easily accessible 
- to passengers afford some relief. For- 
tunately, meteorological conditions are 
9 only occasionally favorable to the pro- 
-- duction of static charges. 
: “Outside” shocks are those received 
_ by persons standing on the pavement and 
_ touching the vehicle body. The bus body 
is insulated from the earth by rubber 
- tires and in some cases by the paving, as, 
for instance, dry concrete or asphalt. 
~ A charge may accumulate on the vehicle 
body by the body moving through the air 
or as a result of the wheels running over 
dry pavement. As the bus body is a 
_ rather large capacitor, a charge of con- 
_ siderable magnitude may. be collected. 
When a person who is standing on the 
ground touches the car body there is a 
discharge which may preduce quite a 
shock. These charges are never bother- 
some except in dry, frosty weather or at 
times when both air and pavement are 
very dry. Busses running on gravel 
roads have very little trouble with them. 
- They are worst on asphalt-covered streets 
and with new or cleanly washed tires. 
Dirty tires help conduct the accumu- 
lated charges to earth. This process can 
be furthered by painting the inner sides 
of the tires with some form of conducting 
paint. Recent improvements in the way 
of ‘‘conducting”’ tires undoubtedly will be 


available after the war. Keeping the 


wheels perfectly aligned so as to avoid the 
slippage of rubber over asphalt is helpful. 
Some companies use drag chains or some 
similar devices during periods when static 
is troublesome. Some simple means of 
discharging the static charges as fast as 
they are developed is needed. Possibly 
the development of new surfacing mate- 
rials will be hastened by the war effort. 
In any event the problem is a complex 
one and needs much further study. 


Conclusions 


Giving due consideration to matters of 
economy, circuit requirements from a 
power standpoint, and to the reasons 
underlying circuit grounding, the follow- 
ing conclusions may be drawn: 


1. All circuits on trolley busses which 
operate at trolley potential must be of the 
two-conductor type with all wires and 
apparatus well insulated from the bus body 
and other parts accessible to passengers or 
street traffic. 
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eeound -return Whee 
8. All circuits carrying 


thoroughly isolated from possible 
to, or conflict with, higher voltages an 
which are accessible in any way to pas- 
sehgers or street traffic may be of the one- 
insulated-conductor ground-return type. 


4, Ground-return circuits should not be 


used on trucks or other vehicles carrying 


gasoline, oil, or other highly inflammable or — 


explosive materials. 


5. All so-called ‘“‘ground-return”’ circuits, 
where there is possibility of a loose me- 
chanical joint in part of the return circuit, 
should have the return of bare copper con- 
ductors electrically connected to the me- 
chanical parts at a number of points. 


6. All internal circuits carrying heavy cur- 


rents at both low and high voltages (starter- 
motor circuits on automobiles and small 


‘busses excepted) may be of the two- 


insulated-conductor type with one con- 
ductor grounded. The two conductors here 
serve as a guarantee of circuit integrity and 
the ground connection is of assistance in 


fault indication and location, keeps static . 


charges drained off, and otherwise assists 
in protecting apparatus and service. This 


classification is not intended to include 


circuits which are fed from an external 
source such as a trolley wire or third'rail. 


7. All circuits on rail vehicles connected 
to external sources of power such as trolley 
wires and third rails are necessarily of the 
one-conductor-with-ground-return type or 


of the two-conductor-with-one-conductor- — 


grounded type. 


8. Control and signal circuits using a com- 
mon return wire may have this common 
return grounded on car or truck frames at 
a number of points whenever other circuit 
conditions are such as to permit grounding. 
The grounding of the common return will 
tend to reduce false indications or operations 
in case of return-wire breakage. 


9. Three-phase 220-volt circuits used on 


‘railroad cars to supply air-conditioning 


equipment should not be grounded. How- 
ever, the structural parts of the cars should 
be solidly grounded. 


10. Alla-c and d-c circuits on railroad cars 
with voltage ratings of 64 to 120 volts should 
be of the insulated-conductor type. If an 
a-c circuit is fed through a transformer 
from a higher-voltage circuit then the 
lower-voltage circuit should have one con- 
ductor grounded. Also, if such a circuit is 
exposed to static from belts or moving air 
streams, one side of the circuit should be 
grounded. 


It does not seem feasible to make a 
complete classification of all the circuits 
used in vehicular service and categorically 
state that such and such circuits should 
always be grounded and certain others 
The safety, economic, 
and technical factors are somewhat dif- 
ferent in the different transportation 
fields, and these factors should be given 
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grown Diesel-electric bus equipment. “The 4 


in one place and some in another. In this — 


_ ommendation, therefore, that the Institute — 


ience may be called primary 
the standardization problems 
whole been cared for promptly 
tively. Under present conditions ther 

is a considerable amount of overlapping. 
For example, the power equipment on 
Diesel-electric locomotive from one view- 
point may be considered as just over- 


question arises as to who shall set up 1 the 4 
needed equipment standards in such a 
case? Shall they be set up by manufac- by 
turer’s associations, by professional en- 
gineering groups, or associations of oper- 
ating companies? The question is a diffi- 
cult one. Obviously some things belong 


case it is possible that better end results 
will be produced if the work is done by 
joint committees working under the 
sponsorship of a professional engineering — 
group. It would seem to be a proper rec- 


% 


act as sponsor in this instance and set up — 
the necessary mechanism for working 
out the desired standards and recom-~ 
mended practices. 
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Synopsis: A brief description is given of the 


-mechanical-transients analyzer and its ap- 


Plication to the determination of the shaft 
torques in turbine generators during tran- 


‘sient disturbances, such as electric short 


circuits and synchronizing out of phase. 
This device employs the principle of the 
electrical-mechanical analogy with analo- 
gous electric circuits to represent a given 
mechanical system and special electric cir- 
cuits for producing the desired transient 
excitation functions. With the analyzer a 
detailed study has been made of the shaft 
torques that can occur in turbogenerators 
with mechanical systems having both one 


- and two modes of vibration. The relative 
_ severity of various types of faults has been 


determined together with the effect of ex- 
ternal system or fault resistance and genera- 
tor loading. Short circuits produce rotor 


- air-gap torques containing damped uni- 


directional, fundamental electrical fre- 
quency, and second-harmonic frequency 
components. In the practical range of 
machine design, the fundamental-frequency 
component has the dominant effect on the re- 
sulting transient shaft torques for the more 
severe types of disturbances. The types of 
short circuits studied include three-phase, 
line-to-line, single-line-to-ground, and dou- 
ble-line-to-ground faults from no load and 
full load and with varying amounts of ex- 
ternal resistance. It was found that for 
short circuits at no load with no external re- 
sistance a line-to-line fault results in the most 
severe shaft torques. For faults with low ex- 
ternal resistance (of the order of one per cent 
per phase), a double-line-to-ground fault 
produces the highest shaft torques which for 
mechanical systems of low natural frequency 
may exceed the torques produced by a line- 
to-line fault with zero resistance. However, 
for values of external resistance as high as 
the machine subtransient reactance, the 
shaft torques are lower than with zero re- 
sistance. The most severe fault torques 
are produced by line-to-line short circuits 
from full load with no external impedance. 
Synchronization at angles greater than 30 
degrees can produce transient shaft torques 
which in some cases are more severe than 
those resulting from short circuits. 


HE determination of transient shaft 

torques in turbogenerators during short 
circuit or synchronization out of phase is 
representative of a large group of prob- 
lems encountered in the design of me- 
chanical or electromechanical apparatus. 
Stated in general terms, the problem is to 
determine the transient response of a physi- 
cal system to a suddenly applied excita- 
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tion. In a large majority of the cases 
which arise, the motion of the system can 
be specified, with sufficient accuracy, by a 
set of linear constant-coefficient differen- 
tial equations. The solution of these 
equations, by classical or operational 
methods, is well known and does not pre- 
sent any difficulties of a theoretical nature. 
However, if the system being studied con- 
tains two or more degrees of freedom and 
the suddenly applied excitation is at all 
complicated, the work involved in the 


Table 1. Electrical-Mechanical Analogy 

Used With Mechanical-Transients Analyzer 

for the Study of Turbine-Generator Shaft- 
Torque Problems 


Inertia-Inductance Torque-Voltage Analogy 


Inertia (J) ) Inductance (L) 

Torque = inertia X cane ie Voltage = Le 
T= ie . 

Spring constant (K) Capacitance (C) ; 

T=K Xangular displacement V= 3 = aS id! 

T=K0=K fwdt 

Velocity damping (G) Resistance (R) 

T=Gw : V=Ri 


numerical solution of the equations of mo- 
tion soon becomes prohibitive. Under 
these conditions it becomes highly desir- 
able to seek other means of solution. Sev- 
eral methods are available. These include 
mechanical calculators, such as the differ- 
ential analyzer, measurements on full- 
scale models, or some equivalent dy- 
namic system. This may be a simplified 
equivalent mechanical system or its analo- 
gous electric circuits. 

The method of the electrical—-mechani- 
cal analogy is particularly well suited for 
solving ‘problems of this nature. The 
analogy between electric and mechanical 
systems has been well known for many 
years! and is based on the identity in the 
form of the differential equations repre- 
senting the two systems. The particular 
analogy used in this paper is given in 
Table I. This is classified as the inertia— 
inductance torque—voltage analogy. This 
is not the only one possible. For example, 
the dual of the afore-mentioned circuit 
may be used in which inertia and capaci- 
tance are analogous quantities, and torque 
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-_ertia—inductance analogy and its dual rep- 


resent the two possible analogies between — 


_the physical constants of the electric and R 


mechanical systems for each of which 
_there is an infinite number of possible 
“% analogies between the electrical and me- | 
For example, in the 
inertia—inductance analogy torque may be > 


chanical variables. 


analogous to voltage, rate of change of . 
voltage, and so forth; while in the inertia— : 


capacitance analogy torque may be analo- 


gous to current, rate of change of current, 


and so forth. The significance of the 


1 


analogies is discussed in greater detail in 4 


reference 2. Re 


It is evident from the forewoute dis 
cussion that the complex “cumbersome. 


mechanical system may be replaced by its — 
analogous electric circuit consisting of — 


simple inductors, capacitors, and resistors. 


The required excitation is applied to the 


analogous electric system by means of 
special electric circuits, and the transient - 
response is measured directly as voltages 
and currents. 


flexibility. A new device, the mechanical- 


transients analyzer, has been developed? | 


This method has the ad-_ 
vantages of simplicity, low cost, and 


‘for solving a wide range of transient vibra- _ 


tion problems by this means. 


Nature of the Transient 
Short-Circuit Torque Problem 


When a generator is suddenly short- 
circuited or synchronized out of phase, a 
transient torque consisting of unidirec- 
tional and alternating components sud- 
denly is impressed on the generator rotor. 
Each component of this torque decays ex- 
ponentially to a value determined by the 
steady-state terminal conditions of the ma- 
chine. In the case of a salient-pole gener- 
ator, there is an infinite series of alternat- 
ing components at harmonic electrical 
frequencies; whereas, for the turbe- 
generator, the only alternating torques of 
appreciable magnitude are those at funda- 
mental and second-harmonic electrical 
frequencies: Equations for the calcula- 
tion of these torques for a turbogenerator 
under various terminal conditions are 
given in a companion paper.’ A simpli- 
fied form of the rotor air-gap torque for 
turbogenerators is illustrated by the fol- 
lowing equation: 
T,=Ae %+ Be ™ 


—cet (1) 

A typical turbogenerator on. which 
these electrical torques are impressed is 
shown by the tandem unit at the top of 


sin wt— Ce ™ sin 2ut 


Paper 45-15, recommended by the AIEE committee 
on electrical machinery for presentation at the 
AIEE winter technical meeting, New York, N. Y., 
January 22-26, 19465. Manuscript submitted 
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4 this dyclem are the inertias of the gener- 
ator and turbine rotors (h, Js, Js), the 
_ spring constants of the generator and tur- 
_ bine shafts (A, Re) and equivalent velocity- 
damping factors, resulting largely from 
hysteresis loss in the shaft materials and 


energy absorption in couplings, bearings, 
As a result of the suddenly im- 


pressed rotor air-gap torque (T;,) the me- 


*s 


shafts. 


chanical system will oscillate at forced and 


natural frequencies producing abnormal 
- torques in the generator and turbine 
A knowledge of the peak shaft 


torques resulting from these oscillations is 
desirable in the design of the shafts and 
their associated couplings and keyways. 


_ The equations of motion for the me- 


chanical system, for the generator load 


torque T;, with no mechanical damping 


assumed, are the following: 


T,— AT, =]h6i+h:(0:—62) 
es ki (02—01) + 1262+ ke (02— 
0= ke (03— 62) +1365 


The angular displacements (©) of the 
respective rotors are measured from the 
average position of the rotors at t=0; 
that is, the constant velocity of rotation 
does not appear in the equations. The 
quantity AT, is the change in load due to 
the terminal fault on the machine. The 


63) (2) 


‘change in load depends on the type of 


fault and other system conditions. It is 
usually assumed that this change in load 
takes place instantly on occurrence of the 
fault. The actual torque on each shaft is 
then the torque as determined from the 
preceding equations plus the initial torque 
on the shaft at t=0. 


Analogous Electric System 


A simplified circuit diagram of the 
mechanical-transients analyzer as used for 
the solution of the foregoing problem is 
shown in Figure 1. The two principal 
parts of the analyzer are the excitation cir- 
cuits, which produce the voltages propor- 
tional to the components of T;, and the 
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analogous electric circuits representing the 


mechanical system. The equations of 


the analogous electric circuit in terms of 


the loop charges, qi, gz, and qs, are as fol- 
lows: 


E,- A Se = Lint = - (g 1— 2) 


aig = (e—n) shi of Pale 
CG 
, (3) 
—~(q2—9s) 
\ Cs q2 
0=— (qa) +L 
Gy d3— J2 293 } 


where E; is a voltage whose components 
are analogous to the components of T; and 
AE, is analogous to the change in load 
AT, A comparison of equations 2 and 3 
shows immediately the similarity of the 
equations of motion of the two systems, 
which is the basis of the analogy. 

The voltage E, is generated in the resis- 
tor r connected across the terminals of 
the analogous circuit. The various com- 
ponents of E, are produced as follows. 
‘The unidirectional or d-c component re- 
sults from the discharge of a capacitor 
through a resistor. The capacitor shown 
in the d-c circuit is charged by a constant- 
voltage source and is then discharged 
through a portion of r when the rotating 
switch closes. The capacitor recharges 
during the time the switch is open and the 
cycle is repeated when the switch again 
closes. By driving the switches at syn- 
chronous speed, the voltages may be 
viewed as a standing image on the screen 
of a cathode-ray oscillograph. This is a 
method that was developed for studying 
transients in electric power systems.4 The 
alternating components of torque are 
generated in a similar manner, except that 
the capacitors are discharged through an 
inductor and resistor in series. The result- 
ing oscillatory current will be a damped 
sinusoidal wave, and the voltage drop 
across r will be analogous to the damped 
sinusoidal components in T,. By adjust- 
ing the capacitance, inductance, and re- 
sistance in this circuit, any desired fre- 
quency and damping may be obtained. 
Components of opposite polarity are ob- 
tained by discharging through the lower 
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the tlasce lonbbeg is in at the t 
of the analogous circuit. Sine 
gous circuit always contains 
amount of resistance, which represen 
damping of the mechanical system, 
possible to make r sufficiently sm: 
that the foregoing conditions are sa 
even though the analogous circuit 1 
resonant at the frequency of the exci 
tion circuit. This has been proved expet 


mentally by measuring the voltage drop — 
across 7 as the analogous circuit was made i 


to approach resonance. 


As discussed: in detailin’ aetereneeea ; 
special inductors were developed for the — 


analogous circuits of the mechanical-tran-_ 


sients analyzer so that the circuits provide — 
damping as low as that found in practical _ 
_ mechanical systems. 


These coils have a 
Q in excess of 100 in the range of 200 to — 
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Figure 2. Mechanical-transients-analyzer os- 

cillograms of rotor air-gap torques and result- 

ing shaft torques on single-frequency turbo- 

generator unit for line-to-line short circuit 
from no load 


R.-=1 per cent per phase 
h=1; k=0.16; K=1.54104 
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A. Three-phase short circuit from no load 
with no external resistance 
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C. Synchronizing 90 


circuit from no load degrees out of phase 


System reactance 


X; = Xa " 


R,=Xq" per phase 


Figure 3. Mechanical-transients-analyzer os- 


cillograms of rotor air-gap and shaft torques 
on double-frequency turbogenerator unit 


h=1 K,=1.35 X104 
I,=0.821 K2=1.09X104 
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electrical frequencies. 
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sive analysis of this problem. 


drawn with regard to certain factors, such | 


as the relative severity of various types of 
faults and the effect of external impedance 


and generator load. With these as a basis 
the mechanical-transients analyzer pro-— 
vides a ready means of studying a given 


unit for the particular system condition 
under which it is to operate. 


Two types of units were chosen for de- 


tailed study, a single- -frequency unit con- 


sisting of a generator and one turbine ele- 


ment and a double-frequency unit with a 
generator and two turbine elements. The 
dynamic mechanical systems and _ their 
analogous electric circuits for the me- 
chanical-transients analyzer are shown in 
Figures 2 and 3A. The same generator 
was assumed for both units. Its electrical 
constants are listed at the bottom of 
Table II, which also gives the equations 
for the types of short circuits and syn- 
chronizing torques studied. The deriva- 
tion of these equations is presented in a 
companion paper.’ The electrical con- 
stants of the assumed machine result in 
ait-gap torques which are representative 
of the upper range of severity. 


Typical Torque Oscillograms 


In Figures 2 to 4 are shown typical 
oscillograms of the rotor air-gap torques 
and the resulting shaft torques obtained 
with the mechanical-transients analyzer. 
Figures 2 and 3 apply to the two units 
chosen for detailed study. Figure 4 illus- 
trates the use of the analyzer for more 
complex problems. In this system two 
generators are driven by a geared turbine. 
The generator being short-circuited has 
salient poles, and the air-gap torque con- 
sists of a damped unidirectional compo- 
nent and a series of damped sinusoidal com- 
ponents of fundamental and harmonic 
However, the ef- 
fects of all components above the fourth 
harmonic are negligible. The equation 
for the air-gap torque as used with the 
analyzer is given in the caption of Figure 


Torque-Frequency Curves 


For the two units chosen for detailed 
study fixed relationships between the vari- 
ous inertia constants were assumed and the 
effect of varying the shaft spring constants 
determined. In this way curves were ob- 
tained of the maximum shaft torques re- 
sulting from each type of disturbance. 
Such curves provide a complete analysis of 
the dynamic mechanical system of a single- 
frequency unit, because for such a system 
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Figure 4. Typical gear-driven-generator prob: 
lem 


Three-phase short circuit on salient-pole ge 
erator from no load with no external resistance 
T,=€7** (6.2 sin wt +4.65 sin 3ef)— a 
€-*(2.13 sin Qot+1.95 sin 4et)+1 et 
Fundamental frequency is 25 cycles per secon 


=1 K,=1.065X104 .. 

h=0.965 K,=3. 72X104 

4=1.45 K,=18. 22104 

=2.52 tice 
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the torques resulting from a given dis: = 
turbance are a function only of the me- 
chanical-system frequency and the ratio of 
the two inertia constants. The resulting 
crest torque for a given system frequency 
is directly proportional to the ratio 
I2/(Ii+J2). Thus for a given electrical 
torque, the crest-torque curves for the | 
single-frequency unit studied (Figures 
5 and 7) therefore can be applied to any 
other single-frequency unit by proper ad- 
justment of the torque magnitudes. How- 
ever, for the double-frequency unit the 
larger number of system elements makes it 
impractical to present a general analysis 
of all possible systems. For this case it 
was found that the more important con- 
clusions can be illustrated by a single set 

of curves of crest torque plotted as a func- 
tion of the dominant one of the two sys- 
tem frequencies: that is, the frequency 
containing most of the mechanical energy. 
The curves for this unit were obtained by 
varying the spring constant of only one 
shaft (the generator-turbine shaft). For 
this condition the less important system 
frequency ranged between 12 and 22 cycles 

per second. Crest-torque curves as ob- 
tained in this manner are given in Figures 

6 and 8. It should be realized that the 
magnitudes of the crest torques shown on 
these curves do not apply to all designs, 
since absolute magnitude is a function of 
the relation between the various inertia 
constants, 

Although as shown by the curves the 
practical design range should place the 
dominant natural frequency appreciably 
below 60-cycle resonance (usual design 
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through resonance with the 120-cycle com- 
- ponent of the electrical excitation torques. 
i? This illustrates the very high crest mag- 
_ nitudes: that. mast be built ig ite the 
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- Short Circuits From No-Load Rated Voltage 
_ No external impedance: _ 
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_ Per Unit Electric-Machine Constants 
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natural frequencies were allowed to ap- 
proach resonance with the excitation fre- 
quencies. 


Short Circuits at No Load— 
No External Impedance 


Figure 5 gives the crest torque on the 
single-frequency unit resulting from three 
types of fault at no-load rated voltage and 
with no external impedance. Figure 6 
gives the effect of the various components 
of the electrical excitation torque for a 
line-to-line fault on the double-frequency 
unit. As shown by Table II, it would be 
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Figure 5. Curves of shaft torque as a function 

of mechanical-system frequency for short cir- 

cuits on single-frequency unit from no load 
and with no external resistance 
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120-cycle component should not be im- 
portant. This is borne out by the solu- 
tions. As illustrated in Figure 6, the 60- 
cycle component of the rotor air-gap 
torque has the dominant effect upon the 
crest shaft torque, except at the lower 
range of mechanical-system frequencies. 
Although the variation of crest shaft 
torque is not very great for the three types 
of faults (see Figure 5), the line-to-line 
fault gives the most severe condition when 
no external impedance is present. 


Effect of External Resistance 


The presence of external-system react- 
ance decreases the magnitude of the fault 
currents and, therefore, the rotor air-gap 
torque. However, the addition of external 
resistance without increasing the react- 
ance (which may occur for certain types 
of faults with appreciable resistance) can 
increase some components of the air-gap 
torque The effect of external resistance 
on the rotor air-gap torques is shown on 
Table II. It increases the crest magni- 
tude of the d-c component, increases 
rapidly the damping of the 60-cycle com- 
ponent, and increases more slowly the 
damping of the d-c component. This can 
readily be seen by comparison of the elec- 
trical-torque oscillograms in Figures 2 and 
3A. Also (as shown by Table I of refer- 
ence 3), the relative magnitude of the more 
highly damped of the two decrement fac- 
tors of the d-c component is increased so 
that a less accurate representation is ob- 
tainable with only one equivalent decre- 
ment factor. However, this latter factor 
is not important for small values of ex- 
ternal resistance. Representative solu- 
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Figure 6. Curves of shaft torque as function of 
dominant mechanical-system frequency when 
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spring constant of generator shaft on double- | 


A 


frequency unit is varied 


Line-to-line faults from no load 
L=1; h=I3=0.821; Ke2=1.09X10* 


has its greatest effect. 


This was found to 


be true for low values of external resist- 


ance. Torque data were obtained for 
all types of faults having a per phase ex- 
ternal resistance of one per cent. 


These > 


showed that in all cases the double-line-to-_ 
ground fault is most severe since (see 


Table II) it has the largest d-c component 
Typical crest-torque curves for this case 
are given in Figure 6. Figures 7 and 8 
present a comparison of the most severe 
types of fault with varying amounts of ex- 
ternal resistance. As shown, the double- 
line-to-ground fault with one per cent 
external resistance can produce slightly 
greater crest torques at the lower range 
of system frequency but rapidly drops 
below the line-to-line fault curves for 
no external resistance as 60-cycle reso- 
nance is approached. 

To show that the further increase of the 
d-c component with greater amounts of ex- 
ternal resistance is more than offset by in- 
creased damping, torque curves were ob- 
tained for the case of a three-phase fault 
with the per phase external resistance 
equal to (Xq”). These are shown in 
Figures 7 and 8. For this case the re- 
sistance is sufficiently large to affect ma- 
terially the fault currents and machine 
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Figure a, Shaft-torque—mechanical-frequency 
curves for single-frequency turbogenerator 


time Eaetatses so that the equations of 
‘reference 3 do not apply. The electrical 


~ torque for this case was calculated directly 
from fundamental machine equations.® 


A solution for this case is shown in Figure 


.3B. The 60-cycle component of the elec- 


- trical torque is negligible, and the d-c 
_ component is the difference of two ex- 
_ ponentials (see Table IT). 


Short Circuits From Full Load 


The transient rotor air-gap torques for 
short circuits from load are of the same 


_ form as those from no load (T;) with the 


addition of a transient term (AT ,) to rep- 


_ resent the rapid dropping of part of the 


load (see equation 2). The total shaft 


- torque is the transient response torque to 


these excitation functions as determined 
with the mechanical-transients analyzer 
plus the initial steady-state load torque. 
‘The transient-torque components (T;) are 
very nearly proportional to the square of 
the voltage behind subtransient react- 
ance. For this machine at unity power 
factor these components are only about 
one per cent higher than for short circuits 
from no load. The most severe shaft 
torques for this machine are produced by a 
short circuit from unity power factor at 
full load. It is difficult to determine in 
general the form of the component repre- 
senting dropping of load, since this is 
affected by such factors as electric-system 
conditions and faultimpedance. Tosim- 
plify this problem it was assumed that the 
load is suddenly dropped. Total load was 
assumed to be dropped for three-phase and 
double-line-to-ground faults and half load 
for line-to-line and single-line-to-ground 
faults. Both turbine elements of the 
double-frequency unit were assumed to 
have equal outputs so that the turbine— 
turbine shaft carries half the steady-state 
load. For the foregoing assumptions the 
most severe shaft torques are produced by 


‘Jine-to-line faults from full load with no 
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QOUBLE-LINE-TO-GRO ~ 


the effect of the negative component rep- 
resenting dropping of load is not very 
great and a more detailed treatment of 
the manner of dropping load i is not too im- 
portant. 

It might be thought that a high-re- 
sistance fault from full load could be more 
severe if the external resistance is high 
enough actually to increase the machine 
load. Then the added load-changing 
component will be positive. However, 
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ER UNIT CREST TORQUE IN SHAFT NO, 2 


DOMINANT MECHANICAL SYSTEM FREQUENCY IN CPS. 
Figure 8. Shaft-torque—dominant-mechanical- 
frequency curves for double-frequency turbo- 

generator 


|, =; =0.891, K2=1.09X104 


Figures 7 and 8 show that except at very 
low values of the mechanical-system fre- 
quency the system response to the other 
rotor-air-gap-torque components (7;) will 
be so low that the net effect cannot be as 
severe as the case of a line-to-line fault 
with no external resistance, since the 
(AT,) term has only a small effect on the 
net shaft torques. At the lower range of 
mechanical-system frequencies the differ- 
ence between the torques produced under 
these two conditions will be small. In 
general the most severe case is a line-to- 
line short circuit from full-load unity 
power factor with no external resistance. 


Time to Crest Shaft Torque 


The time required for the shaft torque 
to reach its crest is of some importance if 


iting a each’ a ae are 
a eek in Figures 7 and 8. These are 
_ about one per unit higher than the corre- 
sponding fault from no load, showing that 


AF DOUBLE-LINE-TO-GROD, 
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_ fects. 


are ee ined 


Ices pan. rarhice this condition — 


full crest torque might not be reached. As 


would be expected for systems of this 
nature, the time to crest torque is rela- 
Cem short at low sey eS and 


eduonerd is approached! This cnet is 


a 
“5 


shown by the shaft-torque oscillograms of 4 


Figures 2 and 3A, which also show the de- — 
crease of time to crest as the decrement of 
the rotor air-gap torque is increased. 


Curves of time to crest torque are given in — S 7 


Figure 9, which further illustrate these ef- 
If there were no damping in the — 
mechanical system, the maximum time to _ 
crest would be infinite, assuming infinite 
duration: for the fault. However, 


shown by Figure 9, the maximum time to _ 


crest is about eight cycles of 60-cycle fre- - 


quency if the mechanical system has 60-_ 
cycle resonance. For natural frequencies 


below 50 cycles, the time to crest is below — 


three cycles of 60- cycle frequency so that 
the full crest torque in general should be 
used for all considerations. © 


Synchronizing Out of Phase 


In Figure 2 of reference 3 is presented 
an analysis of the crest synchronizing 
torque as a function of system reactance 
and angle of synchronization. Fora given 
value of system reactance, the crest-syn- 
chronizing-torque increase is roughly pro- | 
portional to angle of synchronization, 
being about 12 per unit at an angle of 90 
degrees for a system reactance (X;= 
Xq"). It increases with decreasing Xs. 
For a synchronizing angle of 30 degrees, it 
is also about 12 per unit when X;=0. 
Shaft torques for synchronization 90 de- 
grees out of phase with X;=Xq," are 
shown in Figures 7 and 8. This provides 
a fair basis for the more severe synchroniz- 
ing torques that normally might be ex- 
pected. The resulting shaft torques are as 


TIME TO CREST TORQUE IN CYCLES OF 60 C.P.S. 


20 30 40 50 60 70 80 
DOMINANT MECHANICAL SYSTEM FREQUENCY IN C.P.S. 


Figure 9. Curves showing time to crest shaft 
torque as a function of turbogenerator me- 
chanical-system frequency 
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Use of Dielectric-Absorption Tests in 
Drying Out Large Generators 


H. C. MARCROFT : 


ASSOCIATE AIEE 


IELECTRIC absorption is the name 

commonly given to the effect, which 
takes place in electrical insulation when 
it is subjected to a direct potential, with 
reference particularly to the manner in 
which the resulting charging current into 
the insulation decreases with time. The 
time rate of change and the magnitude of 
the observed current are indications of 
the amount of absorbed moisture (among 
other things) existing in the insulation 
of large generators, which apparatus 
affords a practical application of, the 
dielectric absorption phenomenon. A 
newly wound generator or a generator 
long idle contains moisture in the insula- 
tion which should be removed before full 
operating voltage is applied to the wind- 
ing insulation! The method of using 
the dielectric absorption effect to deter- 
mine the state of dryness of large gen- 
erators is presented as a new means of 
measurement and one better adapted to 
giving more information than methods 
previously used. 


Dielectric Absorption 


When a direct potential is suddenly 
applied to a generator armature winding, 
the current flowing into the winding will 
have three components: 


1. A capacitance current, resulting from 


the capacitance of the winding to the gen- 
erator core. ; 


2. Dielectric-absorption current, continu- 
ing much longer in time than the capacitance 
current and haying a characteristic di- 
minishing value. 


8. Leakagecurrent, the final constant value 
reached at infinite time. 


It is the dielectric-absorption current 
(2) which gives the information which is 
useful in diagnosing insulation, because 
the shape of the dielectric-absorption 
current-time curve is influenced by the 
following factors: 


1. Moisture in or over the insulation. 
Nature or type of insulation. 
Machine rating, voltage, and speed. 
Temperature of the insulation. 
Cleanliness of the insulation. 
Previous charges in the dielectric. 
Test-voltage value. 


Fs SAS ee 


Of these factors, all but moisture are 
known or can be controlled, so that the 
dielectric-absorption curve may be used 
to indicate the relative amount of mois- 
ture in the dielectric. 

Paper 45-9, recommended by the AIEE committee 
on power generation for presentation at the AIEE 
winter technical meeting, New York, N. Y., 
January 22-26, 1945. Manuscript submitted July 


25,1944; made available for printing November 17, 
1944. , 


H. C. Marcrort is a test engineer, Pennsylvania 
Water and Power Company, Baltimore, Md. 


severe as and in some cases more severe 
than the worst type of short-circuit dis- 
turbance. 


Conclusions 


The development of the mechanical- 
transients analyzer provides a ready means 
for accurate and detailed study of turbine- 
generator shaft torques produced by such 
transient disturbances as short circuits and 
synchronizing out of phase. Although 
these disturbances are infrequent in their 
occurrence, they should be considered in 
the design of the apparatus. The de- 
tailed analysis presented here enables the 
determination of the most severe types of 
disturbance to be used as a basis for the 
study of individual units. It also shows 
the importance of co-ordinating the me- 
chanical design of both turbine and gener- 
ator. For instance the torque-frequency 

curves show that an increase in shaft 
' stiffness in all cases increases the shaft 


56 ‘TRANSACTIONS 


torques. Thus, simply increasing shaft 
diameter need not necessarily provide a 
decrease in maximum shaft stress, and an 
accurate determination of the results re- 
quires a co-ordinated analysis. 
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_ In testing a machine, the direct. test 
voltage is applied to the winding suddenl 
and at a constant voltage. The elapsed 
time is recorded as the current readings 
are being taken. It has been found by 
experience that readings taken at 15-— 
second intervals for the first minute, half- 
minute intervals for the second minute, 
and minute intervals for the remaining 
time up to ten minutes give the neces-_ 
sary data for a charge curve. If, at the 
end of ten minutes; the generator is sud- 
denly connected to ground through the 
current instrument, a discharge current 
will flow, lesser in magnitude than the 
charge curve by the amount of the steady- _ 
leakage current; or in other words, the — 
difference in the charge and discharge 
currents represents the leakage current, — 
which is equal to the charge current at 
infinite time. In practice, the current — 
and voltage readings are expressed in — 
megohms. | 

It is necessary to have a steady supply 
of direct current in order to run a di- 
electric-absorption curve because the 
relatively large capacitance of the gen- 
erator winding is able to store a sufficient | 
electrical charge so that the normal — 
commercial voltage fluctuations will re- 
sult in the test current surging and even © 
reversing. Some method must, therefore, 
be used to smooth the supply voltage. 
The curves which are discussed here 
were obtained by using a special testing 
set employing small dry cells as the volt-. 
age supply. The resulting curves are 
consequently very smooth. 

The data taken on a test made on a 
nominally dry 10,000-kva turbogenerator 
are shown in Figure 1. The effect of 
dielectric absorption is shown in the 
decline of the charging current. Even 
at ten minutes time, the current is seen 
to be diminishing at a noticeable rate. 
It is this effect which has been neglected. 
so often in previous practice in which 
short-time tests are made, frequently 
lasting less than 30 seconds. Such short- . 
time tests result in values which are 
unreliable, since the tests are discontinued. 
at a time when the resistance indication: 
is changing with time at a fast rate. This. 
effect is not sufficiently noticeable at the 
time of test because the scales of instru- 
ments usually used become crowded at 
increasing resistance values. In the case 
of instruments with manually generated 
power, the personal element of tiring of 
the operator frequently dictates the 
shorter test. 

The first absorption test made on the 
generator of Figure 1 was at a potential! 
of 500 volts, shown in curve 1. The 
discharge of this absorbed charge is. 
indicated by curve 2. This sequence of 
tests was followed immediately by a. 
charge test at 1,000 volts (curve 3), and 
the discharge of this charge (curve 4),. 
which followed immediately. 

The difference between the charge and. 
discharge curves is shown by the dotted’ 
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line in both cases and is approximately 
the final leakage current for the 500-volt 
test. For the 1,000-volt test, the dotted 


' curve is not a true leakage value because 


the charge curve 3 has a lower value, and 
the discharge curve 4 has a higher value 
than would be the case if the test had been 
made on a winding not having an ab- 


/sorbed charge still remaining in the 
' dielectric. Error in insulation-resistance 


measurements is introduced when the 
measurements are made on a generator 
insulation which is not completely dis- 
charged. On a large generator, the dis- 
charge time has been found to be an hour 
or more to drain a 500-volt charge of 
ten-minutes duration. The discharge 
time is not proportional to the charge 
voltage but increases faster than the 
voltage, within limits observed in these 
recorded tests. 


MICROAMPERES 


MINUTES 


Figure 1. Charge and discharge curves at 500 
and 1,000 volts on a 10,000-kva 1,800-rpm 
13.3-kv 60-cycle three-phase generator 


1. Charge at 500 volts 
2. Discharge of run 1 

3. Charge at 1,000 volts 
4, Discharge of run 3 
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Both positive and negative charges 
can exist at the same time in a generator 
insulation. One interesting example of 
this effect was demonstrated on a di- 
electric-absorption test in which a charge 
of positive polarity was followed imme- 
diately by a shorter charge of negative 
polarity. When the generator was 
grounded and the discharge current was 
being observed, the negative charge was 
found to leave the generator first followed 
by the positive charge. The meter indi- 
cated a definite and rather abrupt re- 
versal of current during the discharge. 


Moisture Effects 


The amount of absorbed moisture in 
the generator insulation will affect the 
number of leakage paths containing free 
ions; the resistance is lower for the 
greater number of such paths. When 
this moisture is driven out of the insula- 
tion, as it is on a dry-out run, the number 
of leakage paths is greatly reduced and 
the leakage resistance becomes greater. 
At the same time, the effect of the ions 
being held bound on the boundaries of 
the surfaces separating dissimilar insulat- 
ing substances is made apparent. The 
effect may be likened to the charging of 
many small capacitors joined together 
by countless ties of very high resistance. 
The charges which these capacitors take 
are recoverable by grounding the gen- 
erator winding, in which case they will 
flow in the opposite direction to that 
of the charge. Interfacial polarization‘ is 
the term often used to describe the condi- 
tion of the insulation containing charges 
resulting from applied voltage across the 
insulation. 

The degree of dryness of the insulation 
is reflected in the shape of the dielectric- 
absorption charging-current curve taken 
over a period of time. 


Effect of Test Voltage 


Moisture in insulation decreases its 
resistance on d-c measurements. The 
apparent resistance of hygroscopic in- 
sulation containing water decreases with 
an increase in the test voltage used. This 
was noticeable to a certain extent on 
dielectric-absorption tests made on a 
number of large generators. The mecha- 
nism by which this change in re- 
sistance occurs is explained by a theory, 
confirmed by experiments, given by S. 
Evershed’ in 1913. He calls this effect 
“endosmosis.”” According to this theory, 
the water in insulation which causes 
leakage paths is a very minute fraction 
of the water in the insulation. Under 
increasing voltage stress, the so-called 
dormant water is forced out of the cross 
channels and into the direct resistance 
paths, enlarging the conducting water 
films and thus lowering the resistance. 
The practical difficulty in using this effect 
on tests is the requirement of a large 
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Figure 2. Insulation-resistance-time curves for 
generator A—31 ,000 kva, 13.3 kv, 60 cycle, 
109 rpm “ 


1. Cold, before dryout 
2. Drying run started, 15 hours, 58 degrees 


centigrade 

.3. Drying continued, 27 hours, 76 degrees 
centigrade 

4. Drying continued, 39 hours, 75 degrees 
centigrade 

5. Drying continued, 51 hours, 75 degrees 
centigrade 

6. Drying continued, 63 hours, 75 degrees 
centigrade 

7. Drying continued, 75 hours, 75 degrees 
centigrade 

8. Drying ended, 87 hours, 75 degrees 
centigrade 


9. Cold, after dryout, 35.7 degreescentigrade 


voltage range of d-c supply having a very 
steady voltage and being sufficiently 
portable. The testing time and especially 
the time consumed in discharging the 
insulation is often prohibitive. 


Use of Dielectric-Absorption Curves 


The steepness of the rise of the re- 
sistance curve with time indicates the 
relative amount of moisture present in 
the insulation. However, all generator 
insulations do not have the same curves. 
For example, some generators are wound 
with coils having the end turns treated 
with a conducting paint to control the 
corona which otherwise might exist in 
the end-turn spaces. Such a machine 
has a lower and flatter absorption curve 
than a generator without end-turn corona 
control treatment. The larger and slower- : 
speed generators have more coils and 
lower resistance than smaller high-speed 
machines yet the shapes of the absorption 
curves would be the same, all other things 
being unchanged. This is a fortunate cir- 
cumstance as it puts the dielectric-ab- 
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AN ‘sorption ‘tests in a Lp ition of usefulness 


_ that power factor testing enjoys by virtue — 


of indicating the result in the form of a 
-Tatio between two measured quantities. | 
In the case of the dielectric-absorption 
curves of megohms versus time, the slope 
of the curve may be indicated by the 
_ difference in megohms between the ten- 
‘minute and one-minute readings divided 
- by the one-minute reading. This value 
has been called ‘ ‘slope factor” and is 
__ independent of the size of the generator 
winding. 


Y Rea Ri 
: ‘ ea. ctactor a OB 
__ ‘A succession of these tests made periodi- 
cally throughout a drying-out run will 
indicate the progress being made by the 
increase in the value of slope factor. 


Drying Tests 


The drying-out progress of a 31,000- 
kva three-phase 60-cycle hydro generator 
(generator A) is shown in Figure 2. 
This machine has mica-tape insulation 
throughout the entire coil, the coil-end 
connections, and pole leads or group leads. 
The tie cords on the coils are linen but 


on the end connections and phase-col-. 


lector busses they are fiber glass. This 
"generator was out of service two months 
during which time moisture was ab- 
sorbed. There is no resistance varnish 
used on these coils. The curves show the 
resistance of the insulation for 500 volts 
impressed and for a charging time of ten 
minutes. The corresponding values of 
temperature of the insulation and slope 
factor, as the drying run progressed, are 
given in Table I. The slope factor in- 
creased from 0.22 at the start to 1.44 at 
the end of drying run which was of 87 
hours’ duration. A value of 1.25 slope 
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INSULATION RESISTANCE 


Figure 3. One-minute and ten-minute re- 
sistance values during drying run on genera- 
tor A 
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ute resistance—tem- 
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resistance-temperature curves for one- 
minute and ten-minute values do not 
have the same slope. 

The two curves of Figure 3 show the 
one-minute and ten-minute resistance 
values obtained from Figure 2 during 
the dryout time of 87 hours. The diver- 
gence of the two curves indicates graphi- 
cally the increasing drying of the insula- 
tion. Obviously, the slope factor will 
continue to rise beyond the end of the 
curve with further drying. A generator 
of this type in steady service will have a 
value of slope factor in the order of two 
or three at 60 degrees centigrade. 

Sufficient outage time was not avail- 
‘able to allow the continuation of the dry- 
out curves to a steady state at this time. 
However, the drying was continued be- 
yond the time at which the ohmmeter 
method indicated the machine to be dry, 
that is, when two successive insulation 
readings are constant with a drying period 
between readings. This was also true of 
other generators which were tested. 

In Tables II and III are shown the 
results obtained in drying two additional 
generators of the same characteristics and 
rating as generator A of Table I. The 
course of drying of a 37,500-kva 25-cycle 
single-phase 13.3-kv hydro generator is 
shown in Table IV, in which the drying 
run was of 97 hours’ duration. This was 
the initial dry-out following the erection 
of the machine. Similar curves are ob- 
tained on these machines as for generator 
A, Figures 2 and 3. For reasons dis- 
cussed in the following heading, constant 
temperature should be maintained during 
a dry-out run. 


Temperature Effects 


There is a marked temperature effect 
on generator-insulation resistance as may 
be seen from Figures 4 and 5. Tests were 
made at 500 volts in 1938 and in 1940 
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the generators had been carrying a good 


load for at least two weeks prior to the 
tests. The first test point was always at. 
the highest temperature and, as the 
generator cooled, the points at lower 
temperature were obtained. This pro- 
cedure usually required 24 hours for a 
test; 

Temperature of the insulation was 


obtained from the embedded resistance © 


detectors; 
used for the nominal temperature. 
is desirable to raise the generator tem- 
perature considerably above the tempera- 


Table Il. Drying Generator Winding Showing 


Increase in Slope Factor 


the average of the six was 
Its 


Generator B—13.3 Kv, 31,000 Kva, Three 


Phase, 60 Cycle 


Test Temp, Slope : 
No. Cc Factor Time, Hra 
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Table Ill. Drying Generator Winding Showing 
Increase in Slope Factor 
Generator C ‘ 
Test Temp, Slope Drying 
No. Cc Factor Time, Hrs 
Laat 26) Disariee OD LT ees 0 
PY Ae SEAS 0.33 2. Fe 22 
3 eda cenereie 7 Otago 0.323. 34 
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Drying 


HO Borie 


e generator ‘number is 


are made by one manufacturer; genera- 
a ; bdr tors G and F are made by another manu- 
s the values obtained from facturer, There is a noticeable difference 
absorption curyes at one in the two machines i in the, slopes of the 


Fane 5. Ten-min- 
ute resistance-tem- 
perature curves for 
same conditions as 

in Figure 4 


BBB A 
EAT: Za 


q emma [ek Sal 
8 waiiiand, 
2? Bae 
= 
i Sree ee 
j ete HHS Beet 
10 
20 


z ee c 


_ minute time; Figure 5 gives the values temperature curves. Both kinds of gen- 
from the dielectric- absorption curves at erators have mica insulation as the slot 
ten minutes time. insulation. The difference in the shape 

The heavy curves are the tests made and magnitude of the curves is caused by 
in 1940; the lighter curves are for the the different manner of insulating the 

- 1988 tests. coil sections by the two manufacturers. 

( Table V gives the slope factors of these 

machines at 60 degrees centigrade and 

75 degrees centigrade for generators in 

daily operation under normal load. 

Generator D—13.3 Kv, 37,500 Kva, One These figures are therefore typical for 


Table IV. Drying Generator Winding Show- 


ing Increase in Slope Factor 


2 Phase, 25 Cycle nominally dry generators. The 1940 
= + Clirves of Figures 4:and 5 were used ior 
Drying data in Table V. The slope factor gener- 

tay Temp, Slope Time,- ally increases with decreased temperature, 


tor 4H inding Condit 
eect Wines Condon caused, bythe ten-mintite ‘value of re- 


sistance increasing at a faster rate than 


1 Birien | ey Sees 0...Cold—before drying eae 
2....49....0.30.....16...Warming up the one-minute value, 

een OU 4a. cn 29... Warming up From these results, it is evident that 
Bone 12s 5 9 OAB, 4. 0s lan, Wareataeeup at a temperature of 60 degrees centigrade, 
a ay AS Sy a ee 47...Up to final temp 

Gee 75.2 -20.62. 5... 53 slope factor values of over 2.0 may be 
i See renee Hs regularly obtained from generators with 
Sern i a1... 80 mica-tape insulation and no end-section 
OR ove Dee iere lig me cokese 97...Dryout run stopped corona treatment. Generators F and G 
Bite are DOs iat s Riad Fs ales crv oe iar Cold—after drying 


have the end sections protected with 
varnished cambric, which apparently has 
lower resistance than the other generators, 
and which is reflected in the slope factor 
; figures. This class of winding would 
These Values Are Obtained From Figures 4 appear to be dry with a slope factor value 
and 5, 1940 Tests of 0.50 or more. Thus it becomes de- 
. sirable to know the type of the coil 
insulation in applying the method of 
dielectric-absorption curves to the dryout 
tests, in cases where the slope factor is of 
Generator Manufacturer 75C 60C 60C_ the lower order. 
The temperature-resistance curves 
(Figure 5) show that generators of 


Table V. Slope-Factor Values for Dry Gen- 
erators in Daily Operation 


Slope Factor 


1940 1938 


Al RR racstes sioasis Ale tieoint Tt pOcsiee so eaten 

Bee aaa Zp ee he 1.86...2.2...2.8 different manufacture (and consequently 
Beas) ig; a certain difference in insulation) have 
PMA Sr Le Bes. oie 0.69...0.65...0.71 temperature curves which may differ 
Mee ca Tee a gio a. Maes 0,445 -.0..65%..', B20 in slope. There is even in some cases a 
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each curve. Generators A, Be C, and E 


erators A, B, C, F, G are three-phase, 
31,111-kva machines; generator E is az 
one-phase, 35,000-kva machine. All a 


74 


change of slope in these curves for the a 
‘same machine from year to year. Gen- 


E 


Y. 


these generators have closed ventilation. 


Generator G has had some trouble with 


vt 


oil’ film on the winding, which may eXs A 


plain the lowered resistance for the 1940 : 


test. Not enough is yet. known of ges 


yearly changes of ere ae rc y 


curves to say definitely what the reason — 


The indication is that humidity is | 


woe bbe responsible in most cases. __ 
The slopes of the temperature. curves — 


of Figure 5 lie anywhere between the — 


ts 


extremes of eight degrees to 33.5 degrees’ 
centigrade to double the resistance. — 


The former applies to generator G and 


_ the latter to generator B. 


Divided-Winding Tests 


x 


The foregoing tests were all made with ; 


the whole winding connected together 


and energized between winding and 


ground. On generators A and C, di- 


electric-absorption curves were made — 


later with the winding separated into the 


- three phases, so that by energizing one 


phase at a time, with the other two 


grounded, an indication of interphase- 
insulation resistance was obtained. These 
values are given in Table VI. 

The values of slope factor for tests 


between phase windings are not neces- 


sarily the same as for the entire winding 


tocore. The leakage paths are very differ- 
ent and depend not only upon the coil- — 


insulation material but also upon addi- 
tional materials such as cording of various 
types and supporting blocks. Also, the 
kind of varnish used on the end-coil 
sections becomes very important whereas 
this has much less effect on the measure- 
ment of resistance between the total 


Table VI. Slope-Factor Values for Tests Be- 


tween Phase Windings 


Megohms 


Gen- One Ten Slope Temp, 
erator Phase Minute Minutes Factor Cc 


sae cate 6005, .. e114 5) 4..0, 64 u ate 
A Bosca 78.0.....125.....0.60.,..80.6 
OR 70.2..2 55109. 2. ..0.56.4..70.5 
ANS. 60/6... 241038: 18 eaaae 
Aso AOL GNC Ns 192.....0.84.,..77.6 
Cc B10 eae 77 Ls carseat 
Cle, Ie, ets ts 208. 52,088 eniie 
AM ss 4182 Msecs 806.5. 5298 ceed 


winding and the core. For the purpose of 
determining the dryness of a generator, 
the dielectric-absorption curve of the 
total winding to the core is the one best 
adapted to the purpose. Where a gen- 
erator winding is suspected of being 
damaged, a test between phases may be 
employed to determine whether or not 
all phases have deteriorated equally. A 
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high-voltage d-c absorption test should 
prove of more value in such a case than 
the low-voltage test because of the possi- 
bility of finding concentrated faults more 
readily by high leakage current.5 


Conclusion 


The use of dielectric-absorption curves . 


in drying out large generators is an 
improvement over previous practices. 
More information is obtained by these 
curves than can be gained from spot 


Figure 6. Generator-insulation-test table 


readings which are taken at short charg- 
ing times. The record of the dry-out 
run has been put on an exact basis. The 
condition of a generator with respect to 
moisture can be expressed in terms of 
slope factor. Dielectric-absorption curves 
taken periodically during a drying run 
will give the data necessary to observe 
the progress of the moisture removal as 
indicated by the rise in slope factor. It 
is desirable that constant temperature 
be maintained throughout the run. 

The value of the slope factor will vary 
over a considerable range depending upon 
the type of insulation and its treatment. 

The. accumulation of temperature— 
resistance curves, at ten-minute time, 
over a period of years, should provide a 
good indication of changes in or over the 
insulation of the generator winding. 
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Appendix. Description of ineulen 
| tion-Test Table 


General Construction 


The table is constructed of fir wood and 
measures 19 by 40 inches by 32 inches high, 
including wheels. The posts are two by two 
inches, bolted to the frame. Rubber-tired 
truck casters (four-inch) are bolted to iron 
plates across the ends. The sheathing is 
1/,-inch bakelite which also carries the guard 
and ground terminals (left side). The wood 
is finished with several coats of varnish. 
The table is shown in Figures 6 and 7. 


Batteries 


The support for the 35 batteries of 45 
volts each (Burgess 5308) consists of seven 
trays of white pine boiled in paraffin for four 
hours. The ends of the trays can be seen 
in Figure 6. The bottom board is three- 
quarter-inch stock and its ends rest on the 
table cross members. Each board has one 
side and two end pieces to hold the batteries 
in place. A strip of tin is laid between the 
trays and the cross-rails which becomes part 
of the guard circuit. 

The battery voltage (1, 500 volts) i 
broken up into sections to avoid drain Shed 
not in use and for safety. Each tray be- 
comes a group (235 volts) separated by 
six switches. The switch mounting board 
is boiled in paraffin and is guarded at the 
point of attachment to the corner posts by 
tin strips. At the left end of this board, a 
metal box is attached, which contains three 
batteries (Burgess 5540). Each three-volt 
tap is brought out to a point on a rotary 
switch on the top panel for voltage adjust- 
ment. Nine steps are available to take care 
of any voltage adjustment. The “5308” bat- 
teries have taps at 22.5 volts. 


Charge-Discharge Switch 


The main ‘‘charge—discharge’”’ switch is 
built from a Trumbull 38211/, 500-volt 30- 
ampere switch. The slate base and fiber 
crosspiece on the blades were discarded, 
and the metal parts were mounted on three 
“condensite’”’ blocks which were mounted on 
an iron V frame. This was done for several 
reasons: 


1. The separation between blades carrying op- 
posite potentials was increased. 


2. Condensite is a much better insulator than slate 
and fiber. 
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Figure 7. Wiring diagram for generator- 
insulation-test table 
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3. The frame of ouerote th by Snedioh Pe iron 
could be bent so that the throw from charge 1 
discharge position was short and easily done. 


4. The iron framework ’ made ‘possible an ideal | 


guard circuit between switch elements. The handle 


of the switch extends through the top condensite © 


panel which is slotted for that purpose. Figure 6 
shows this switch mounted under the left corner of | 
the table. 


Voltage Change 


Three voltage taps are provided at 500, 
1,000, and 1,500 volts. Selection is made 


i 
4 


by plugging into one of three jacks (Westing- 


house 591496 and 591497), mounted on a 


.-one-half-inch condensite block attached in- 


side the corner posts on the right end. This 


‘block is also guarded at the attachment loca- 


tion by tin strips. The plug, and two dum- 
mies, are shown in the figure. The plugs 
do not touch the outside sheathing as they 
appear to do in the figure. 


Meter 


The milliammeter is made by Rawson 
and has three ranges—0.4, 0.04, and 0.004 
milliamperes full scale. A reversing switch 
and by-pass push button are used in con- 
nection with the meter; these are mounted 
on the condensite panel at the left. 

The meter also makes an excellent high- 
resistance voltmeter for checking the bat- 


‘TES 


teries when used with a standard ten-meg- 


ohm resistor. The batteries should not be 


_checked with an ordinary voltmeter as such 


procedure depletes the battery faster than 
testing would do. 
Wiring 

The wiring is shown in Figure 7 and is 
done with benchboard wire. Wiring 
support blocks are of bakelite and guarded 
with tin strips under the blocks. A fuse 
block is provided in the negative battery 
lead to guard against internal trouble. An- 
other fuse is located in the positive lead to 
guard against external faults. This fuse is 
rated 1,000 volts, one-sixteenth ampere, and 
is sufficient for tests at 500 volts; tests at 
higher voltages generally require a larger 
rating for large generator testing. The pro- 
tective resistor of 2,870 ohms limits a pos- 
sible short-circuit current to a reasonable 
value. 

The high-voltage cable lead is single- 
conductor number 4 ‘‘superservice”’ flexible 
rubber-covered and is 25 feet long. 
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ID apace of erent hyreliers on 
ulted alin has been pees: for 


g has been used more recently 
ves further improvement in stabil- 
the fault is transitory. Rapid 


et another means of improving stabil- 
y—a means which has never been put 
into practice, so far as the author is 
ware, but which promises to-have a a 
f usefulness. 
_ This paper presents the results of Gate 
culations of the power limit of a particu- 
lar two-machine power system, both with 
the proposed switching scheme and, for 
“comparison, with various other switching 
schemes which are in common use. 
_ Figure 1, which is reprinted from an 
_AIEE committee report! published in 
1937, shows the effect of the presence or 
absence of high-voltage bussing at the 
ends of a double-circuit line over which 
power is being transmitted from a hydro- 
electric station to a large receiving sys- 
_tem when a two-wire-to-ground fault 
occurs near the sending end of one cir- 
cuit and is cleared by simultaneous open- 
ing of the breakers at both ends of that 
circuit. Two curves of power limit 
versus fault duration are drawn in this 
figure: curve A for the transmissionsystem 
without high-voltage busses, curve B for 
‘the system with high-voltage busses. 
High-voltage bussing is detrimental to 
stability as long as the fault is on the line 
because the fault then pulls down the 
voltage of both circuits instead of only 
one and thus impairs their capacity to 
‘transfer power. After clearing of the 
fault, however, the bussing is beneficial 
because it lowers the reactance between 
generators by connecting two banks of 
transformers in parallel at each end of 
the remaining transmission circuit. With 
slow clearing of the fault, the detri- 
mental effect of bussing during the fault 
predominates over the beneficial effect 
after clearing the fault. With rapid 
clearing, the opposite istrue. Asa result, 
Paper 45-13, recommended by the AIEE committee 
on power transmission and distribution for presenta- 
tion at the AIEE winter technical meeting, New 
“York, N. Y., January 22-26, 1945. Manuscript 
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curve B is below curve A at long fault 


durations and is above curve A at short 
durations. 


The curves cross at a fault 
duration of about 0.15 second (nine cycles 


on the basis of 60 cycles per second), 


which is the time of clearing if standard 
eight-cycle circuit breakers and one- 
cycle relays are used. 

The thought naturally occurs: Inas- 
much as high-voltage bussing is detri- 
mental during the fault but beneficial 
after the fault, why not use bus-tie 
switches which are normally open but 
which close simultaneously with the 
opening of the breakers which disconnect 
the faulted line? The same protective 
relays which open each line circuit 
breaker could be used to close the nearby 
bus-tie switch. 

When such switching is used on the 
power system of Figure 1, the calculated 
power limit as a function of fault duration 
is as shown by curve C of Figure 2. 
Curves A and B are the same in Figure 2 
as in Figure 1 except that they have 
been. recalculated using voltages behind 


‘transient reactance at each end of 1.00 


unit instead of some higher value. 

If the fault is cleared instantly, the 
power limit does not depend on whether 
the bus-tie switches are open or closed 
before and during the fault, but it does 
depend on the position of these switches 
after clearing the fault. Therefore, curve 
C intersects curve B at zero fault dura- 
tion because both curves represent 
switching schemes in which the bus-tie 
switches are closed after clearing of the 
fault. However, if the fault persists a 
long while, the power limit is deter- 
mined chiefly by conditions during the 
fault and very little by conditions after 
clearing. Therefore, curve C approaches 
curve A as the fault duration increases 
since both curves represent switching 
schemes in which the bus-tie switches 
are open during the fault. At inter- 
mediate values of clearing time curve C 
is above both curves A and B, showing 
that the power limit has been raised by 
closing the bus-tie switches simultane- 
ously with the opening of the line break- 
ers. The increase in power limit over 
that obtainable with the better of the 
first two arrangements (bus ties always 
open or always closed) is greatest for 
clearing times in the neighborhood of 
those afforded by modern high-speed 
relays and breakers. With 0.15-second 
(nine-cycle) clearing the power limit is 
increased from 0.87 to 0.98 per unit—an 
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Figure 1. Effect of bussing Jarrangement on 
stability limits; double line-to-ground fault 
at sending end (reprinted from reference 1) 


A—Low-voltage bussing 

B—High-voltage bussing 

System reactance shown in per cent; inertia 

constant H=kilowatt-seconds per kilovolt- 
ampere 


sidered already (A, B, C) and for other 
kinds of switching (D to N) which are 
to be considered subsequently. The 
steady-state power limit for the final 
circuit condition is also tabulated for 
each kind of switching. 


Rapid Reclosing 


It is interesting to compare the im- 
provement in stability obtainable through 
the use of rapidly closed ties with that 
obtainable through rapid reclosing of the 
line breakers. Curves D and E£, Figure 3, 
show calculated power limit versus fault 
duration if the breakers are closed 0.25 
second (15 cycles) after interrupting 
fault current. This value of dead time 
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line breakers 0.25 second later gives : 
- slightly higher power limit than does che 
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(15 cycles) is obtained with breakers 


_ which interrupt in five cycles and reclose 


in 20 cycles after the instant of closing 
the trip circuit; however, the same 
value of dead time has been assumed for 
all values of clearing time. Curve D 
is for the case of the tie switches always 
open, curve £ for the tie switches always 
closed. 


Curve D lies considerably above curve . 


A, particularly at short fault durations, 
because of the effect of reclosure; at long 
fault durations, however, D approaches 
A. Curve E£ lies above curve B for the 
same reason, though the difference be- 
tween E and B is less than the difference 


_ between D and A. However, neither 


D nor E lies much above B at the usual 
clearing times. At 0.10-second fault dura- 
tion D coincides with B, and E£ is only 
0.02 per unit above B. At 0.15-second 
fault duration D is only 0.03 above B, 
and £ is only 0.02 above B. These 
results are in general agreeinent with 
conclusions previously reached by others,” 
to the effect that rapid reclosing is of 
little benefit after two-wire-to-ground or 
three-phase faults on a sectionalized 
double-circuit line, especially if the 
generators have low inertia for the 
amount of power transmitted (as is true 
of hydroelectric generators with little 
local load). 

Curve D is below curve C at all values 
of fault duration and E is below C except 


for fault durations less than four cycles. 


Accordingly, rapid reclosing of the line 
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breakers is less effective than rapid clos- 
ing of the bus-tie switches unless the 
fault can be cleared with extreme rapidity 
(requiring three-cycle or faster breakers). 

The assumption of a shorter dead time 
than 0.25 second (15 cycles) would raise 
curves D and £, especially at short 
fault durations. If the dead time is 
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05 


FAULT DURATION IN SECONDS 


Figure 2. Effect of the rapid closing of bus-tie 
switches on stability of the power system of 
Figure 1 . 


A—Bus-tie switches always open 

B—Bus-tie switches always closed 

C—Bus-tie switches initially open but close 
simultaneously with opening of line breakers 
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Figure 3. Effect of the rapid reclosing of the 
line breakers on stability 


A, B, C—Same as in Figure 2: no reclosing 
D, E, F—With reclosing after 0.25-second 
dead time 
D—Bus-tie switches always open 
E—Bus-tie switches always closed 


y F—Bus-tie switches initially open but close 


simultaneously with opening of line breakers 


~ 


closing of bus ties alone. This is shown 
by curve F, Figure 3, which lies above 
curve C, especially at short fault dura- 
tions. The improvement due to re- 
closing is slight at fault durations of 
0.10 and 0.15 second. 


Intermediate Switching Stations 


A common method of improving the 
stability of a power system like that 
shown in Figure 1 is to add one or more 
high-voltage switching stations at inter- 
mediate points of the line. The effect 
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tion at the center. 
are for permanent bussing at all three 
switching stations; while C and L are 
for rapidly closed bus-tie switches at all 

tations. If solid bussing at the ter- 


condition, the improvement due to the 
addition of rapid closing of bus-tie 
‘switches at the two terminals (curve C) 
is greater than the improvement due to 
the intermediate switching station (curve 
‘K) at clearing times of 0.10 second (six 
- 


ia 
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Figure 4. Effect of one intermediate high- 
voltage switching station on stability 
B, C—Same as in Figure 2; high-voltage bus- 
sing at terminals only 


-K, L—One intermediate switching station 
added 

B, K—Bus-tie switches at all stations always 
closed 


C, L—Bus-tie switches at all stations initially” 


open but close simultaneously with opening of 
line breakers 


cycles) or more. The addition of two 
circuit-closing switches at the ends of the 
lines is more effective than addition of 
four circuit breakers at the middle of the 
‘line. — 

Even if the intermediate switching 
station is used (curve K), a considerable 
additional improvement is effected by the 
addition of three rapidly closed bus-tie 
switches (curve L). Again the use of 
‘rapidly closed bus-tie switches in conjunc- 
tion with eight-cycle line breakers gives 
as much increase of power limit as does 
the replacement of eight-cycle breakers 
by five-cycle breakers. 

The greatest possible improvement due 
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4. very closely together. 


j and L are for an additional switching : 
Curves Band K- 


nals (curve B) be taken as the original . 


Aaa ee (Apa Serere 


in meee ee occur fifa very ‘As 


iS 
number of such stations was used, spaced 
(If faults occurred 
nowhere but at the sending end, one addi- 


tional station very near the sending end 
would have the _same effect.) Curves 


for this condition are not given, but values 
of power limit are entered in Table I, 
lines Mand N. These values show that 
an infinite number of intermediate switch- 
ing stations (line M) are more effective 
than rapidly closed bus-tie switches at 
the terminals only (line C) for a clearing 
time of 0.10 second but are less effective 
at 0.15 second and longer clearing times, 
and even if a large number of switching 
stations are used, the provision of rapidly 
closed bus-tie switches at all stations (line 
N) raises the power limit further. Once 
again the use of the bus-tie switches with 
eight-cycle breakers is as effective as re- 
placing eight-cycle breakers with five- 
cycle breakers. 


Sequential Switching 


Rapid.reclosing is of negligible aid to 
stability unless the breakers at both 
ends of the faulted line are opened 
rapidly and almost simultaneously. Ifa 
relaying scheme is used which requires 
time delay in the opening of the breaker 
at one end of the line in case of a fault 
near the other end, neither breaker can 
be reclosed successfully until the required 
dead time has elapsed after the opening 
of the second breaker. It is then too 
late to do much good. 

Closing of bus ties, on the other hand, 
is of some benefit in conjunction with 
sequential fault clearing. When the 
line breaker at the end near the fault 
opens, the adjacent bus tie simultane- 
ously closes, paralleling the two banks of 
transformers. The bus tie at the other 
end is still open, so the fault is con- 
nected to the sound part of the system 
through high reactance. Later, when 
the second line breaker opens, the second 
bus tie simultaneously closes, paralleling 
the transformers at that end. 

Curves G, H, and J, Figure 5, show the 
calculated power limit of the system of 
Figure 1 for a two-wire-to-ground fault 
at the sending end cleared sequentially. 
Power limit is plotted as a function of 
the time required to open the breaker at 
the sending end (including relay time). 
The breaker at the receiving end is as- 
sumed to open 0.30 second (18 cycles) 
after the breaker at the sending end. 
Curve G, for bus ties always open, and 
curve H, for bus ties always closed, cross 
at 0.10 second. Curve J, for bus ties 
closed simultaneously with opening of 
the adjacent line breakers, lies above both 
Gand H. The power limit is raised from 
0.78 to 0.85 per unit with 0.10-second 
clearing at the sending end, and from 
0.74 to 0.80 per unit with 0.15-second 
clearing. These increases are nine and 
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POWER LIMIT IN PER UNIT 


ae a) > “f re 
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ee per” ae respectively. The im- — 
provement attainable through ‘synchro- 


nized closing of bus-tie switches in con- 
junction with eight-cycle breakers ig’ 
suey greater than that attainable Pe 


FAULT DURATION IN SECONDS UNTIL 
OPENING OF FIRST BREAKER 


_ Figure 5. Effect of the rapid reclosing of 


bus-tie switches on stability with sequential 
fault clearing 


G—Bus-tie switches always open 


H—Bus-tie switches always closed 
|—Bus-tie switches initially open; each closed 
simultaneously with opening of adjacent line 
breaker 


through replacing eight-cycle breakers 
with five-cycle breakers. 

However, much greater improvement 
can be effected through the addition 
of pilot relaying to obtaim simultaneous 
high-speed opening of the breakers at 
both ends than can be obtained through 
the addition of synchronized bus-tie 
switches. Curve B is 26 per cent higher 
than either curve G or H at 0.10 second 
and 18 per cent higher at 0.15 second. 
Nevertheless, it is of interest to know 
that some benefit would be obtained in 
the event of a fault by leaving syn- 
chronized bus-tie switches in service - 
during the outage of a pilot channel. 


Imperfect Synchronization 


It is obvious that, for the greatest 
effectiveness, each bus-tie switch should 
close simultaneously with the opening 
of the associated line circuit breaker. 
Even though not perfectly timed, how- 
ever, these switches can still improve sta- 
bility. In order to obtain an idea of the 
effect of imperfect synchronization, the 
power limit was calculated for the case 
in which the fault was cleared in 0.15 
second arid both bus-tie switches were 
closed 0.05 second later. The power limit 
was found to be 0.94 per unit as compared 
with 0.98 for perfect synchronization. 
Thus an increase of 37.5 per cent in the 
closing time of the switch (from 8 to 11 
cycles) gives four per cent decrease in 
power limit. The decrease is the same 
as that caused by delaying the opening 
of the line breakers half as long, or 0.025 
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time, of eourees would 


—- 
' 


as 0. 15. eine: indeed a pie 


are initially Seer It seems reason- 
able to suppose, however, that if there 
were a demand for breakers which could 
be closed rapidly, manufacturers could 
_ produce a suitable operating mechanism, 
_ Rapid-closing bus-tie switches could 
be so operated that they would never 
“i s- be required to interrupt short-circuit 
current or, perhaps, even load current. 
For such service an air-break switch 
might be suitable. 


- Conclusions 


The following conclusions may be 
drawn from this study regarding the 
suitability of rapid closing of bus-tie 
switches for raising the power limit of the 
power transmission system of Figure 1 
(based on the clearing of a two-wire-to- 


ground fault at the sending end of one. 


circuit) : 


1. With 0.15-second (nine-cycle) fault 
clearing, the power limit is increased 12 per 
cent by rapid closing of the bus-tie switches; 
with 0.10-second (six-cycle) clearing, seven 
per cent. 


2. The increase in power limit due to the 
addition of rapid-closing bus-tie switches 
* to 0.15-second fault clearing is the same as 

the increase produced by speeding up the 


fault clearing from 0.15 to 0.10 second 


(changing eight-cycle breakers to five-cycle 


breakers). 


3. The increase in power limit ane to 
rapid closing of bus-tie switches is greater 
than the increase attainable through rapid 
reclosing of the line breakers with 0.25- 
second dead time for all fault-clearing times 
except those under 0.07 second (four 
cycles), and with 0.10-second or 0.15-second 
fault clearing, the increase is three or four 
times as great. 


4. Rapid closing of bus-tie switches is ef- 
fective even with permanent faults, whereas 


64 TRANSACTIONS 


e is required to close them when they - 


‘The i increase in wiles limit due to ra 


$ 
losing of bus-tie switches at the line ter- 
; minals is greater than the increase attainable ; 


through the addition of an intermediate 1 


high-voltage switching station at the middle 


of the line for all fault-clearing times except 
those under 0.08 second (five cycles). xh 


the rich if rapid reclosing or additional 


_ switching stations are used to increase the 


power limit, considerable further increase 
can be obtained through use of rapidly closed 
bus-tie switches. , ’ 


8. Rapid closing i bus-tie switches can be 
employed in conjunction with sequential 
clearing of faults and when so employed it 
raises the power limit eight or nine per cent 


whereas reclosing is applicable only with 


simultaneous clearing. However, changing 
from sequential to simultaneous clearing 
gives two or three times as much improve- 
ment as the addition of rapid-closing bus-tie 
switches. 


9. For best results, each bus-tie switch’ 


should close simultaneously with the open- 
ing of an adjacent line circuit breaker. 
Exact synchronization is not necessary, 
however. 


Although the calculated results have 
been limited to the rapid closing of bus- 
tie switches on a double-circuit line, the 
principle proposed in this paper is not so 
limited. Stability will be improved by 
the closing of any switch simultaneously 
with the clearing of a fault, provided the 
transfer reactance between synchronous 
machines during the fault is lower with 
the switch open than with it closed and 
after clearing of the fault is lower with 
the switch closed than with it open. 


Methods of Calcu- 


lation 


Appendix. 


In the power system of Figure 1, resistance 
and capacitance were neglected. Negative- 
sequence inductive reactances were as- 
sumed equal to the corresponding positive- 
sequence reactances given in the figure. 
Zero-sequence inductive reactances of the 
transmission lines were assumed to be twice 
as great as the positive-sequence values. 
The internal voltage of each generator 
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previously calculat a 
curve D approaches « 
curves G, H, and ip au 
H’, and I’ were plotted by 
Pritchard’s method on the assumpti 
the breaker at the receiving end n 


at long fault durations. Several 
each curve for intermediate fault 


power, Gatenisdng a sik litte p 
point up to the instant of the last swi 
operation in order to find the switchi 
angles, and then using the equal-ar area 
terion for stability. 


The values of steady-state power limit 
listed in Table I are the values of power 
transmitted when the angle between the 
voltage of the receiving system (consider 
as an infinite bus) and the voltage behind 
adjusted synchronous reactance of the hy- 
droelectric generators (assumed as 0.84 per 
unit) reaches 90 degrees. For consistency 
with the calculated values of transient pow 
limit, the voltage of the infinite bus and the 
voltage behind transient reactance (0.28 per 
unit) of the hydroelectric generators were 
both taken as 1.00 per unit. In every case 
the steady-state power limit thus computed 
for the final condition of the circuit exceeds 
the transient power limit for fault- clearing 
time of 0.10 second or longer. 
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stresses in turbine generators during 
short circuits or synchronizing is depend- 


rorque developed at the rotor air gap. 
This torque generally contains unidirec- 
tional, fundamental-frequency, and sec- 
ond-harmonic components, all of which 
aredamped. Itis the steady components 
of torque which are of interest in the cal- 
culation of system stability, while all the 
components are of interest to the turbine 
generator designer. 


_ The torques have been calculated on: 


the assumption of an “‘ideal’”’ synchronous 
machine! and the equations will not be 
applicable to all types of synchronous 
machines. The turbine generator and 
salient-pole machines with connected 
dampers are close approximations during 
subtransient and transient periods. The 
salient-pole machine with unconnected 
dampers or no dampers at all is furthest 
removed in its characteristics from the 
ideal machine and will have torques con- 
taining all odd and even harmonics.? The 
unidirectional torque would be extremely 
difficult to calculate for such machines. 

_ Various authors have presented torque 
equations derived by different ap- 
proaches.?:*4,11 Nickle, Pierce, and Hen- 
derson thoroughly treated the alternating 
torques during single-phase short circuits 
by a combination of the constant-flux- 
linkages theorem and Park’s torque 
equation.> They did not consider loss 
torques. Stone and Kilgore, in calculat- 
ing the unidirectional torques during 
short circuit, assumed that all ohmic 
losses in the machine would appear as 
torque. This resulted in much too high 
a value of unidirectional torque... Whit- 
ney and Criner presented equations for 
single-phase, three-phase, and double- 
line-to-ground faults; these equations 
contained both the unidirectional and al- 
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ternating components of torque. How- 
ever, several terms of the equation for the 
double-line-to-ground fault were in error 


and require modification. No treatment. 
was made of armature time constants 


during this type of fault. 
In this paper a semi-empirical method 


is presented for deriving the short-circuit 


and synchronizing-torque equations, us- 
ing the method of symmetrical compo- 
nents. The equations are valid only to 
the extent that the assumptions made in 
their derivations are valid. 


Basic Assumptions 


In the first approach to the problem it 
is necessary to make certain simplifying 
assumptions in regard to the arrange- 
ment and electrical characteristics of the 
component parts of the machine. The 
closeness of agreement between assumed 
and actual conditions will determine how 
nearly the computed and actual perform- 
ances of the machine will compare. A 
synchronous machine idealized to the 
following extent will be considered: 


A. The air gap is uniform. The presence 
of slots on the quadrature axis of the ma- 
chine and none on the direct axis does not in- 
validate this assumption to any great extent. 


B. Saturation and hysteresis are neglected 
in calculating the alternating components 
of torque. 


C. The field has distributed symmetrical 
windings on both axes. During the sub- 
transient period this assumption is justified. 
In the actual machine there is no winding 
on the quadrature axis. However, the tran- 
sient reactance on both axes are usually 
sufficiently close together to justify this 
assumption. 


D. The stator has a sinusoidally distribu- 
ted three-phase winding. 


E. The air-gap flux is sinusoidally dis- 
tributed in space. 


Short-Circuit Torques 


When the armature is short-circuited, 
there is trapped in the armature circuit a 
portion of normal armature flux, that por- 
tion being dependent upon the time of 
application and the type of short circuit. 
The decay of the trapped flux depends 
upon the time constant of the armature 
circuit containing the flux. It is this 
flux which manifests itself as a d-c com- 
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pie cenuisnce campers of Sue ‘ 


kore current will contain, in addition tc 
the d-c component, positive- and nega- 


will set up obadnes Mee negati v 
quence armature magnetomotive fo 


_ and, neglecting saturation, positively an 
‘negatively rotating fields. _ 


appearance of the positive- seq 1ence 
armature magnetomotive force over the 
direct axis of the rotor causes. the rotor 
currents to rise suddenly, counterbalance 
ing this additional direct-axis excitation. Tete 
This follows from the fact that the flux Mh 
linking the rotor circuits cannot change ~ 

instantly. The additional rotor currents, — ‘ 
induced by the sudden appearance of the ~ 
positive-sequence field, are unsupported 
by exciter voltage and they decay with 
decrements which are dependent upon the — 
short-circuit rotor time constants and the 
type of fault. The net excitation on the 
direct axis decays and, as a consequence, __ 
the air-gap flux also decays. This sub- 
ject is treated very thoroughly in the 
papers of Doherty and Nickle.®.7 afd 

The alternating torque acting on the __ 
rotor (and also the stator) is proportional __ 
to the product of rotor and stator fields 
times the sine of the angle between them, _ 
thus there will be only fundamental- 
frequency and second-harmonic alternat-_ 
ing torques. The fundamental-frequency 
torque results from the interaction of the __ 
unidirectional-armature field with the 
rotor field and the second-harmonic 
torque results from the interaction of the 
negative-sequence armature field with © 
the rotor field. It can be shown® that 
these two components can be calculated 
by taking the sum of the instantaneous- 
phase powers as determined by the prod- 
uct of induced-phase voltage and in- 

stantaneous-armature current. 

In addition to these alternating | 
torques, there are also present unidirec- 
tional torques caused by losses in the 
machine. However, not all the ohmic 
losses will appear as torque. It is possible 
to determine (neglecting windage and 
friction) the unidirectional torque from 
the general relation applied to the average 
power. 

Power output equals power input to the 
shaft plus the rate of decrease of stored 
kinetic energy in the machine plus the 
rate of decrease of stored . magnetic 
energy in the machine minus the total 
ohmic losses in the machine. The sum of 
the first two terms on the right-hand side 
of the equation are proportional to the 
unidirectional torque acting on the rotor 
(the changes in rotor velocity are usually 
quite small). During a short circuit, the 
power output is zero and the unidirec- 
tional torque is equal to the sum of the 
average ohmic losses minus the rate of 
decrease of average stored magnetic 
energy in the machine. In other words, 
some of the ohmic losses are supplied by 
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Jecrements 


The subject of rotor and armature dec- 
ements has been very ably handled 
Isewhere for single-phase and three- 
hase faults and will not be discussed 
lere.°.7 However, except for the work of 
mith and Weygandt,!? the armature dec- 
ements for the double-line-to-ground 
ault have not been treated as exten- 
ively. Because the armature has two 
oupled circuits which are short-circuited, 
he direct currents in the armature will, 
n general, have two decrements. There- 
ore, there will be two decrements on the 
undamental-frequency rotor torque and 
m the unidirectional torque resulting 
rom the flow of fundamental-frequency 
uirrent in the rotor. These decrements 
re derived in Appendix III, however 
pace does not permit the full derivation 
f the rotor torques during a double-line- 
o-ground fault. 


ixternal Impedance 


If the external impedance is predomi- 
lantly reactance (or resistance so low as 
iot to affect the short-circuit current) the 
orques can be calculated from the equa- 
ions in Table I by replacing the machine 
eactances by the total reactances in the 
rarious sequence networks. In calculat- 
ng the loss torques (R2—R) will remain 
changed but R; in the calculation of the 
tator loss must be replaced by (Ri+ 
¢.). In the factor A, R, is replaced by 
R,+R,’) where R,’ is the d-c resistance 
er phase of the external impedance. 

If the external impedance is predomi- 
antly resistance of a large enough mag- 
itude to affect the fault current, the time 
onstants of the fundamental-frequency 
orque and the unidirectional torque re- 
ulting from the flow of fundamental- 
requency current in the rotor will be very 
yw (in the order of one or two cycles or 
sss). In most cases these components 
aay be neglected in calculating shaft 
tresses. The stator loss, which will be 
uite high, has time constants which are 
etermined by the decay of rotor flux, 
nd for external resistances in the order 
f subtransient reactance the rotor time 
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constants are but little affected by the 
presence of the external resistance. The 
methods which have been presented in 
Appendixes II and III can be extended to 
the calculation of faults containing ap- 
preciable resistance by the inclusion of 
the resistance in the sequence networks. 
This type of fault is of importance in those 
types of mechanical systems where the 
contribution of the unidirectional torque 
to shaft torque is: appreciable. This is 
discussed at greater length in a companion 
paper.?° 


Short Circuits From Load 


It is more probable for a short circuit 
to occur from load than from no load, but 
for this condition the equations of Table 
I can be applied by making several ap- 


nents of torque can be calculated fairly 
accurately by using the derived equations 
with the voltage behind subtransient re- 
actance. When the short circuit is three 
phase, the entire external load is dropped 
and the only unidirectional torque will be 
that given by the equations in Table I. 
This is also true in the case of a double- 
line-to-ground fault on a machine with 
very low zero-sequence reactance. 

Assuming a static load, the machine 
will rapidly drop about a half load on a | 
line-to-line fault. In this case, the total 
unidirectional torque on the machine is 
the sum of the loss torque plus half the 
initial load on the machine. On a line-to- 
ground fault, the amount of load dropped 
will depend upon the zero-sequence react- 
ance of the machine but may be calcu- 
lated by symmetrical components. The 
remaining load is then added to the loss 
torque to get the total unidirectional 
torque. In both of these cases, the load 
which the machine carries will have a 
decrement equal to the decrement of the 
ohmic loss in the machine. In a com- 
panion paper” the effect of short circuit- 
ing the machine from load is discussed in 
relation to the resultant stresses. 


Synchronizing 


If a machine is synchronized consider- 
ably out of phase with a low-reactance 
system, the resulting torques may reach 
values greater than those encountered 
during a short circuit. If the syn- 
chronizing takes place with all three cir- 


proximations. The alternating compo-  cuit-breaker poles closing at the same in- 
Table Ill 
Type of Unidirectional 
Short Circuit Torque Sin (ot +a) Cos (wt +a) Sin 2(ot+a) 
Three phase, R,=0 1.54677-° 10. 3¢-'9.3 Negligible 0 
Three phase, 
R,=0.01 P 57ers Ose tar 10s Negligible 0 
Line to line, : 
R,=0, a=0° 2 07E3* 10%465%"9 Negligible — 5, 1867! ## 
Line to line, 
R,=0.01, a=0° 1.58¢~5-3%+41. 036-7" 10.4€-*%.% Negligible —5.18¢—5 88 
Line to ground, 
R,=0, a=0° 1.88e-7-°% 9. 50¢—®.76 Negligible 4756-844 
Line to ground, 
R,=0.01, a=0° 1.66€-*-%+40. 89-1? = 9. 50-8” Negligible —4,75e-§ 4% 
Double line to 
ground, R,=0, : 
a=0° 17ve-*-* 10. 4e=5-8¥ Negligible —1.39e—°:°* 
Double line to 
ground, R.=0.01 
ye Od iden et Oper -10.4er "tt Negligible = 1.397" 7 
Double line to 
ground, R,=0 
a=90°, 1.33¢€—%?.% Negligible — 7) B4eT oo HH 80st 
Machine con- 
stant Kats xa : DF; o) f'eree XG Xo Mewes Tage vibe eis Wao bee R, st aeleh bie R, Pec. Cariinns Ra 


Value (per 


unit) 0.097. .0.152..1.170. .0.096. .0.0177. .0.055 sec. .6.65 sec. .0.00480. .0.0250. .0.00105 
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the negative-sequence armature current. 
- Because of the complexity of the syn- 

+ chronizing problem, additional simplify- 

ing assumptions have been made to sup- 

- plement those already made. 

For faulty synchronizing, the loss 


_ torque is generally much less than the 
synchronizing torques and may be neg- 


Jected..j5- 23 
If synchronization takes place with the 


machine either leading or lagging the 


system, the armature current will have a 
. direct axis component which will tend to 


demagnitize the main poles causing the 


direct axis rotor flux to decay. Thisre-— 


sults in the problem of calculating the cur- 
rent in a circuit having one voltage fixed 
(the source) and one voltage varying with 
time (the internal machine voltage). 
Since, in a great many mechanical sys- 


tems, the maximum stresses are reached in 


the first or second cycle, the problem can 
be greatly simplified by neglecting the 
rotor decrements. 

Finally, it is assumed that the angle be- 
tween the system and machine remains 
sufficiently unchanged during the first 
two or three cycles to permit the calcula- 
tion of the synchronizing currents with- 
out having to take into account the os- 
cillation of the machine with respect to 


' the system. 


In Appendix IV the synchronizing- 


_torque equation is derived on the above 


assumptions for single-phase synchroniz- 
ing. The torque equations presented in 
Table II are applicable to only the first 
two or three cycles of the synchronization. 
If it is desired to calculate the torque be- 
yond two or three cycles, the decrements 
of rotor flux may be included as shown 
under short-circuit torques. 
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synchronizing, 
. isp a=135°, 


j=" 
p= 


n 
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sistance of 0.01 per unit. The field-dec- 


rement factor was calculated using an_ 
average decrement which gave the cor- 


rect initial and sixth-cycle values. This 
is pessimistic but, as shown by McCann, 
Warren, and Criner,!° the shaft torques 


are but slightly affected using this ap- 


proximation. In those cases where the 
fault was through an external resistance, 
the loss torques contained two compo- 
nents with such -widely different decre- 
ments that they were not combined as 
above. 

In Figure 1 there are shown the elec- 
trical torques for a line-to-line short cir- 
cuit and two conditions of synchronizing. 
Although the three-phase synchronizing 
torque does not reach as high a peak as the 
line-to-line short-circuit torque, its com- 
ponents are only unidirectional and 
fundamental-frequency ones. These com- 
ponents will produce much more serious 


_ shaft stress than would second-harmonic 


torque. As shown in Figure 2 (which was 
plotted for the same machine as in Table 
III) synchronizing considerably out of 
phase is especially dangerous. The peak 
shaft torque will be approximately pro- 
portional to the peak electrical torque. 
All other conditions being equal, the elec- 
trical torque for single-phase synchroniz- 
ing (only two poles closing) is not as 
severe as for three-phase synchronizing. 


Conclusions 


As a result of the analysis made in this 
paper the following conclusions can be 
drawn regarding the various factors 
affecting transient torques in synchro- 
nous machines. 

Short circuits on low-reactance turbine 
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Figure 2. Crest electrical torque during three- 
phase synchronizing as a function of syn- 

chronizing angle and system reactance __ 


' Figure 3. Line-to-line short circuit on a syn- 


chronous machine 
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“3 
Ro—Negative-sequence resistance 
Rg—D-c resistance of stator 

Tao"—Subtransient-open-circuit time con- 

stant in direct axis—seconds 
Tao'—Transient-open-circuit time con- 
stant in direct axis—seconds — 


Machine and system quantities (per unit 
unless noted otherwise) : 


e—Instantaneous machine (or system) 
voltage 

4—Instantaneous-phase current 

E—Effective machine (or system) volt- 
age 

X;—System reactance 
R,—External resistance 
a, 8, 5—Angles defined in Tables I and II 
f—Fundamental frequency in cycles 


per second 
. o—2af 
t—Time in seconds after the initiation 
of the circuit transient 


Line-to-Line Short 
Circuit 


During a line-to-line short circuit, Figure 
3a, the alternating armature currents can 
be calculated by using the method of sym- 
metrical components. With the positive- 
and negative-sequence networks connected 
as shown in Figure 3b, the sequence com- 
ponents of armature current can be deter- 
mined, and from these the armature current. 

The instantaneous voltage of phase a be- 
fore the short circuit is 


ég=£ cos (wt+a) 


This voltage is proportional to the rotor 
flux, which, after the short circuit, decays 
because of the demagnetizing effect of the 
armature current. The decrement factor 
for this flux has been derived by Doherty 
and Nickle and is 


ait,’ +-x, 
XatX2 
. _t Xd+X2 
(Xa" +X2)(Xa—Xa' Jer Tao! a+ Xa 
(Xq’ + X2)(Xq+X2) 
_t Xa'+Xe 
(Xa’—Xa")€~ Tao” Ka"+Xs 


(1) 


(Xa'+X2) 


Figure 4. Flow of direct current in the armature 
of a synchronous machine during a double-line- 
to-ground fault 


Les [Xq"” +Xe+Xo] in per unit 


M=-=[Xa"+X2—2XJin per unit 


i 
6 
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The a-c symmetrical como g Ants of cur- 
rent are 


EFsin(t+a) . 
(Xa"+X2) 


instantaneous per 
unit amperes (2) 


From these, the alternating fn cur- 
rents are 


tq, = — tq, = 


—+/3EFcos(t+a) . 
(Xa"+Xe) 


per unit amperes 


instantaneous 


(3) 


At zero time, the phase current must be 
zero, therefore, there is in each phase a d-c 
component of current which has a decre- 
ment determined by the armature circuit. 

The total phase currents are 


lomt RAE 
(Xa +Xy) 


1y=—icg= 


[A —F cos (wt+a)] (4) 


ty =a te 
where 


—2rf 


2Ra ? 
Xa"4+X2 
A=(cos a)eé =e. 


(5) 

The power transferred across the air gap 
can be determined by taking the sum of the 
instantaneous products of the phase cur- 
rents and phase voltages. 


2 
ia [telat tren ttelc] (6) 


/3E 
ce) |= 3 ee 


[A — Fcos (wt+a)]+/3EF sin (wt+a) (7) 


2 
P= yt soleo— 


EF? 
Y or eraremaear re sin (wt+a)—F?X 
(Xa! +2) sin 2 (cet--a)|] (8) 


In per unit, the torque acting in the rotor 
is equal to the power transferred across the 
air gap. 

The unidirectional torque acting on the 
rotor can be written as the sum of the a-c 
ohmic losses in the machine. The initial 
unidirectional field has twice the value that 
the initial negative-sequence field has, re- 
sulting in equal induced rotor voltages. 
Since the impedance of the solid rotor varies 
very closely as the square root of frequency, 
the fundamental-frequency rotor currents 
are 4/2 times the second-harmonic rotor cur- 
rents. Because of the effect of rotor satura- 
tion on the depth of current penetration in 
the rotor, the rotor losses vary as the 1.8 
power of the rotor current. 

The a-c ohmic losses in the machine are 


EF 4 
Py -4 | (R2— Ri) + 


vi ee /2EA 


ak (Re—Ri)+ 


EF 2 
o| ere | Ry, (9) 


The total torque acting on the rotor is 
E? 

~ (Xa +X) 

F* sin 2(wt+- a) ]++-2 E 


V/2EA 


Xa’ +Xo 

EF } 
9} = |'R,! (10) 
Esa = 


[2FA sin (wt-t+a)— 


areT 
Spee x 
ae 


(Ry R)+-VA SEES Tal (Re—Ri)+ 
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Figure 5. Single-phase synchronizing 
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ments 


Armature Decre- 
During Double-Line-to 
Ground Fault 


The machine windings have approxi- 
mately the self-leakage and mutual react- 
ances shown in Figure 4. 

The differential equations for the direct 
armature currents can be written as follows: 


hanes (Mp)i-=0 (11) 
— (Mp)to+ (Rat Lp)ie=0 (12) 


from which the determinental equation can 
be written 


D(b) =(Ra+Lp)?—(Mp)?=0 


The roots of this equation will give the 
decrements of the d-c components of arma- 


(13) 


ture current. They are 
Ra 2Rq_, : 
= — —— = ———— in perunit (14 
Pr (L+M) Xa" +X p (14) 
ss sat je OR aes 
PST (LEM) Oe eka 


in per unit (15) 

Converting to second instead of per unit 
time measure, the direct currents generally 
will have the following forms 


oe 2Ra ; ape 6Ra ; 
ae tp a re rel Di bs 
: Xaq"+Xe Xa"4+X24+4X0 
ty =A1€ +Are 
(16) 
2Ra 6Ra° 
—iaf ————— t — ef 
‘ Xq"+Xe Xq"+X244Xoq 
tp= Ase +A,xeé 
(17) 


where the constants can be determined by 
initial conditions. 


Appendix IV.  Single-Phase 
Synchronizing Out of Phase 


During single-phase synchronizing, Fig- 
ure 5a, the sequence components of arma- 
ture currents can be found by connecting 
the sequence networks as in Figure 5b. 
From the positive- and negative-sequence 
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act cont instantaneous per unit 
2; amperes (18) 


nating phase currents are 


2 ova Baa(* a) . 
yp artaxy) * 


= 
: sin in (a 2 (19) 
Bt: 
. “Since the currents must start from zero, 


_ there is a d-c component present in the cur- 


-rent. The total phase currents are therefore 


24/3Esin (= ) 
3 x 


(Xq"+X24+2X5) 


[sn («+ “t*) —sin (=+*)] (20) 


The instantaneous power is 


=—i-= 


7 aa eae 
Pad iat iver ties (21) 
ie a8 
pal josedies, 
Be | a ra XOX) 
| sin (w=) — sin Gal 


V/3E sin (wt+a) 


Since in per unit the rotor torque is equal 
to the power transferred across the gap 


x 
(22) 


E? sin 6 


ie 
Cree 


E — cos 2(wit+a)— 


(248) 
a | 
caer sin 2 t+ ee Ry, 
Z cos | —> 


sin (wi+ «| (23) 


(24) 


References 


1. DEFINITION OF AN IDEAL SYNCHRONOUS Ma- 
CHINE AND FORMULA FOR THE ARMATURE FLUX 
Linxacss, R. H. Park. General Electric Review, 
volume 31, 1928, pages 332-4. 


2. SINGLE-PHASE SHORT-CrIRCUIT TORQUE OF A 
SyNcHRONOuS Macuing, C. A. Nickle, C. A. Pierce, 
M. L. Henderson. AIEE TRANSACTIONS, volume 
51, 1932, pages 966-71. 


70 TRANSACTIONS : 


~ 


certain definite positions. 


sient impedances of a synchronous motor 


or generator by impressing three- phase 


voltages on the machine at standstill is 


described in this paper. With respect 1 to. 


the two methods at present prescribed i in 
the Test Code for Synchronous Machines 
and elsewhere, 12,3 the proposed method 
for measuring the subtransient im- 
pedances has the advantages that it does 
not involve the taking of oscillograms and 
the consequent uncertainties in their 
analyses, nor does it require that the 
rotor of the machine under test be set in 


requirement, called for in the single- 
phase test, is frequently troublesome, 
particularly if the machine is large. 
Moreover, as three-phase, rather than 
single-phase voltages are impressed, the 
measurements are made under conditions 
more nearly simulating those of normal 
operation 

The proposed method consists, briefly, 
of making two tests on the machine at 
standstill with the rotor in any position 
whatsoever. In the first test a three- 
phase voltage is impressed on the stator 


Paper 45-12, recommended by the AIEE com- 
mittee on electrical machinery for presentation at 
the AIEE winter technical meeting, New York, 
N. Y., January 22-26, 1945. Manuscript sub- 
mitted October 30, 1944; made available for 
printing November 24, 1944. 


G. F. Tracy is associate professor of electrical © 


engineering, University of Wisconsin, Madison, 


Wis., and W. F. Tice is with the Bore ea 


Ill. 


The authors wish to acknowledge the courtesy of 
S. H. Mortensen and his associates of the Allis- 
Chalmers Manufacturing Company in furnishing 


Company, Rockford, 


‘test data, and the assistance of C. G. Hagensick of 


the Westinghouse Electric and Manufacturing 
Company and former student at the University of 
Wisconsin in the preparation of data. 


axis dnd the ee ae Sarees ' 


This latter 


ee EEE SE eee ee ey nee 


a es osha alter 
ee to — field t 


hee debe of th 
induced in the stator. 


aan The datas obiaitiel fr 
tests are then substituted int 
tions, shown later in this Boe NS 


transient impedances. ¥ 


Development of the zeta : 


hae D ¢ x: 5 oO 
pF we - i” GY “ 
5 ORT 6 UO een dee ERE ere 


ROTOR MAGNETOMOTIVE Forces | 


The basic principles of this develop- 
ment were suggested by a paper on the 
calculation of the starting characteristics 
of synchronous motors by H. V. Putman.* 
The general case of a cylindrical rotor 
carrying an unbalanced two-phase wind- 
ing and a stator carrying a balanced i 


three-phase winding will first be discussed, 


then the treatment will be modified to | 


apply to a synchronous machine. 
In Figure la the conductors A and A’ 
represent one phase of the rotor while — 
B and B’ represent the other phase. — 
These two windings are assumed to be j 
unbalanced, not only with respect to 
their impedances, but also with respect — 
to the number of turns in each. In addi- — 
tion, the magnetic axes are not 90 degrees 
apart. The magnetic axis of stator phase 


a is also shown for reference purposes. 


Due to the unbalance of the rotor, the 
three-phase input currents are unbalanced 
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Figure 1a. Cylindrical-rotor mening with 
balanced three-phase stator and unbalanced 
two-phase rotor 


Ea¢= Na Et 


Eat= Nae¢LBa 
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Figure 1b. Vector diagram showing relative 
phase positions of voltages due to forward 
flux 


- and are considered, therefore, to consist 


of a positive-sequence and a negative- 
sequence set of components. Corre- 
sponding to the positive-sequence currents 
is a forward-rotating magnetomotive 
force and air-gap flux, and corresponding 
to the negative-sequence currents is a 
backward-rotating magnetomotive force 
and air-gap flux. These two air-gap 
fluxes are considered to be constant in 
magnitude as they rotate, and, at stand- 
still, they rotate forward and backward, 
respectively, at synchronous speed. 

Two voltages, corresponding to the two 
components of air-gap flux, are induced 
in each rotor phase. Let Ey; be the 
voltage induced in phase A by the for- 
ward flux and Ey, be that induced in 
phase A by the backward flux. Since the 
rotor circuits are closed each voltage 
produces a current. In phase A these 
currents will be designated by Iu, and 
ZJ4». Each current, in turn, sets up a 
magnetomotive force -which alternates 
along the magnetic axis of the phase. 
Using a well-known analysis, the space 
fundamental of each magnetomotive force 
may be replaced by two component 
traveling space sinusoids moving in oppo- 
site directions at synchronous speed, 
each having an amplitude equal to one- 
half of the peak amplitude of the original 
magnetomotive force. The vector ex- 
pression for the forward-moving com- 
ponent of magnetomotive force due to 
Hf Af ist 
May = —j 0.9 Nalay/B4 (1) 


Tt See ny hee I for the derivation of equations 
1 and 2 
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hk that ‘for the ated aaa 
component of ‘magnetomotive force due - 


to Tayi 1S) y= ; 
M4; wii 0.9 WalaglB 


* 


(2) 


bith 


N,=effective turns in phase A (including 
_ pitch and breadth factors). 
Tas=vector value* of Tay. 
as=conjugate of Tuy. 
Ba=angle of displacement of rotor phase 
A from the reference axis. 


In equations 1 and 2, as well as all which 
follow, the single prime indicates a for- 
ward-rotating magnetomotive force and 
the double prime indicates a backward- 
rotating magnetomotive force. The sub- 
scripts refer to the current component 
producing the magnetomotive force; the 
first indicating the phase, and the second 
showing whether produced by the for- 
ward or the backward flux. 

Two expressions, similar to equations 
1 and 2, may be written for the magneto- 
motive force components due to current 
I4y in phase A corresponding to the 
backward flux. Likewise, four more ex- 
pressions may be written for the magneto- 
motive force components due to the cur- 
rents in phase B. There will be a total, 
therefore, of eight traveling waves of 
magnetomotive force, four moving 
forward along the air gap at synchronous 
speed and four moving backward at 
synchronous speed. 

‘Before finding the resultant magneto- 
motive force it is convenient to express 
each current in terms of the corresponding 
voltage and the admittance of the circuit 
on which the voltage acts. Since, in 
general, 


I=EY 
and** 
f=k£Y 


equations 1 and 2 become 


(3) 


(4) 


(5) 
(6) 


The two components of phase A magneto- 
motive force corresponding to the back- 
ward flux are 


My! = —j 0.9 NaEanY 4/84 
May" = +5 0.9 Nab ar ¥ 4/84 


May =—j 0.9 NaEasY¥ 4/84 
Maj" =+) 0.9 Nab sy ¥ 4/84 


(7) 
(8) 


The four components of phase B magneto- 
motive force are 


M3; =—j 0.9 NgEps¥ 3/68 (9) 


Moy! =+j 0.9 NpkpyY¥p/88 (10) 
Mpy' = —j 0.9: NpEpy ¥ 5/88 (11) 
M5p" = +) 0.9 NgE sp ¥ 2/82 (12) 


* A vector quantity is designated by a bold-face 
symbol and a conjugate is designated by a circum- 
flex over the symbol. 


** See Appendix II for verification of equation 4. 
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- Since ‘the forward flux, ¢y, is constant — 


in magnitude as it rotates, the voltage _ 


_ induced by it in any turn of any winding 


‘(rotor or stator) will be identical in — 


magnitude with that induced in any other — 


as 


turn; but the phase of the voltage will _ 


depend on the angular position of the 


turn with respect to a reference axis. a 


_ Let Ey be the vector value of the voltage — 


per turn induced by oy in any winding — 
having its magnetic axis coincident with - 
the reference axis. 


Stator phase ais so 


located. The forward flux is shown in 
Figure la in such a position that it is 
about to generate maximum voltage in 


conductors a and a’, Therefore the 


vector Ey, Figure 1b, will be nearly — 


vertical at this instant. Later in time, 
when the forward flux has moved through . 


Ba degrees, maximum voltage will be } 


generated in rotor phase A. Hence the ~ 


vector Ey; lags Ey by Ba degrees. 


“a 


Ip2 


Se ie ae 


Figure 2. Relations between the negative- 
sequence currents and their conjugates 


wise Epy lags Ey by 8p degrees. The 
magnitude of each is equal to that of 
E;, multiplied by the respective number 
of turns. The voltages due to the forward 
flux, expressed in terms of Ey are 


Ey;=N4E,j/—Ba (13) 
Epy= NE,/—8s (14) 
Similarly, , 
E4y=N4Ep/ +8 (15) 
E5y=N5Ey/ +82 (16) . 


where E, is the vector value of the voltage © 
per turn induced by the backward flux 

in any winding having its magnetic axis 

coincident with the reference axis. 

The resultant forward rotor magneto- 
motive force is the vector sum of equa- 
tions 5, 7, 9, and 11, and this sum is shown 
below after appropriate substitution of 
equations 13 to 16. 


M,’ = —j 0.9 [(Ey(Na? Yat N57 Ya) + 


E,(Na?¥4/284+N5?Yp/288)| (17) 


Similarly, the resultant backward rotor 
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Like- . 


' magnetomotive force is the vector sum 
of equations 6, 8, 10, and 12, which, upon 
substitution of equations 13 to 16, yields: 


M,"=+j0.9[E( NP 4/28a+ 
Nz? ¥p/288)+£y(N4?¥ 4+ Np? ¥z)] (18) 


It is to be observed, in making the sub- 
stitutions leading to equation 18, that 
the conjugate of E,/—8a is E,/+8a; 
* that is, the reversal in sign applies not 
only to the angle included in the vector 
_ E; but also to the attached angle — By. 

While equations 17 and 18 are written 
for a rotor with only two phases, it is 
evident that they may be made to apply 
to a rotor with any number of phases 
by adding terms of the form N,?Y,, N,2X 
Y, /28-, and so forth. In applying this 
analysis to a synchronous machine, how- 
ever, where phase A is to represent the 
direct-axis circuits and phase B the quad- 
rature-axis circuits, only two phases are 
necessary, and the magnetic axes of these 
phases should be 90 degrees apart. For 
this purpose, equations 17 and 18 are 
rewritten substituting 6 for 64, and B+ 
90° for Ba. 


M,’= —j0.9[E(N4?¥4+Ng?¥5)+ 
Ey(N4?¥ 4/28 —Npg?¥5/28)] (19) 


M," = +30.9(Ey(N 4? ¥ 4/28 Se a 
Nz? ¥p/28)+£y(N4?¥4+Np?¥p)] (20) 


The angle 6 in the above equations is 
the angle by which the magnetic axis of 
rotor phase A is displaced from that of 
stator phase a (reference phase). 


STATOR MAGNETOMOTIVE FORCES 


By transformer action there will be 
two traveling sinusoids of magnetomotive 
force produced by the stator, a forward- 
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Figure 3. Synchronous machine with its 
pole axis displaced 6 degrees from the axis 
of phase a 


moving magnetomotive force correspond- 
ing to M,’ and a_ backward-moving 
magnetomotive force corresponding to 
M,". Since the stator windings are 
three-phase symmetrical windings, each 
traveling sinusoid is produced by a set 
of balanced currents in the stator wind- 
ings; the first set being the positive- 
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sequence set, and the second, the nega- 
tive-sequence set. 

Using the expressions for magneto- 
motive force as a space vector from 
Appendix I, the forward-rotating magne- 
tomotive-force wave due to the positive- 
sequence currents in the stator is 7 


My! = —0.9(Nala/0° + NI p,/120° + 
Nelq/240*) (21) 


The angles shown in equation 21 express 
the direction in space of the magnetic 
axes of the three phases. In equation 21 


3-PHASE SOURCE 
SEQUENCE a-b-c 


Figure 4. Connection diagram for test | 


substitute Ip,= Ig, /—120°, and I,= 
I,,/—240°; also Nz= Ny= N.= N; (effec- 
tive stator turns per phase). Then 


M,! = —70.9(3N slay) (22) 


The negative-sequence currents produce 
a backward magnetomotive force: 


M," =+0.9Ns(f_/0° +£,,/120° + 
T,,/240°) 


Since the conjugates of the currents are 
involved (see Figure 2) 


fro= i120 and I. =f,,/ — 240 


“MM,” =j0.9(3Nfa2) 


(23) 


(24) 


Expressions 22 and 24 are similar to the 
familiar expression for the peak height 
of the fundamental of armature magneto- 
motive force of a three-phase winding, 


SINGLE-PHASE SOURCE 
< 


Figure 5. Connection diagram for test Il 


with the exception that 22 and 24 show 
not only the magnitudes but also the 
space positions of the peaks with respect 


’ to the magnetic axis of phase a, 


A'development, similar to that above, 
for the backward component of magneto- 
motive force due to the positive-sequence 
currents, and the forward component due 
to the negative-sequence currents, would 
yield zero in each case, as would be 
expected. 


STATOR-CURRENT EQUATIONS 


The next step is to equate the forward 
stator magnetomotive force (equation 22) 
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to the corresponding rotor magnet 
motive force (equation 19), and the ba _ 
ward stator magnetomotive force (equ 
tion 24) to the corresponding rot 
magnetomotive force (equation 20 
When this is done, and the terms re- 
arranged, the following expressions ar 
obtained for the positive-sequence an 
the negative-sequence stator currents 
(referred to stator phase a): | 


1 
Iq = ax) [E7p(N a? Yat Ng? Ys) + 
8 4 
E,(N4?¥4—Ng*¥)/28} (25). 
fay 1B ANG ¥,—N;? ¥,)/28-+ 
8 
Ey(Na2¥4t+Ne*¥s)] (26) 
In general, if [=B£Y/+5, it follows that: 


in the same circuit I=EY/—é (see ap- 
pendix II). Equation 26 may be re- 


' written, therefore, dropping the conju- 


gate notation: 


Teg (EAN Y,—Nst¥s)/—28+ 
8 d 
E,(Nat¥atNs?¥5)] (26a) 


Equations 25 and 26a can be simplified 
by multiplying both sides of each by’ 
2/N;. The admittances now appear as: 


These are seen to be the values of the two 
rotor admittances referred to the stator. 
A further simplification is effected if the 
magnetizing reactance of each rotor 
phase, considered as a susceptance, be 
combined vectorially with the corre- 
sponding expression for rotor admittance, 
as in the equivalent circuit of a trans- 
former. In Figure la, where the air 
gap is uniform, the magnetizing reactance 
is the same for both phases; but in the 
synchronous machine, shown in Figure 3, 
the magnetizing reactance along the 
pole axis is much larger than that along 
the interpolar axis. Let Y,4’ and Yz’ be 
the admittances of phases A and B, 
respectively, referred to the stator, it 
being understood that each includes its 
own magnetizing reactance. Then 


Ny 
Toy = "5 (EY + Yo’) +Ep( Ya’ — Yp')/28] 
(27) 
Ny 
Tax = "> (Es Ya’ — Yp')/ = 284 
Ey(Y4'+ Yp’)] 


With Y,’ and -Y,’ as defined above, 
Iq, and Ig are the symmetrical com- 
ponents of the total input current includ- 
ing the magnetizing components. 


(28) 


THE STaToR-VOLTAGE EguaTIoNs 


Defining V, and V; to be the positive- 
sequence and the negative-sequence com- 
ponents, respectively, of the line-to- 
neutral voltage impressed on_ stator 
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i =) ya 


\ 


case a, and Z, to be the leakage i im- 
Acie of phase a, then 


5 = Eat Ty Za= N. sEyt+TaZo (29) 
A= E ant TZa= NeE ot IZa (30) 


Solving for E, and E, from equations 
27 and 28 and substituting in equations 
29 and 30 yields 


| = Y,/+Y;' 
Vim tol TAH 424) 


PP iy G- 
Yz 
Iga} ————— )/2. 
. (ve ry,’ 4/99 (31) 
Ys 
V,= ——_= )/-2 
aa fe see bya? a e+ 
ve n Yy/+ Y;’ 
I pe Se 
oe +2.) (32) 
“But 
OY ,.'+ gd 1 P ‘ 
2Y,'Ys’ 2 (Z4'+Zp’) 
and 
7 Sade ee 
OY,’¥,’ 2 (Z4’—Zp") 
Therefore 
Za'+Z. '—Z,! 
By. 1, (44 Der Za $28 +24) 4 tal 2 A st 28 
(33), 
Vim la =" \ 28+ 
Z4'4+Z 
1,( 744 4 t4n +24) (34) 


APPLICATION TO SYNCHRONOUS MACHINE 


In the synchronous machine to which 
Figure la corresponds, phase A repre- 
sents the field circuit and all damper-bar 
circuits having their magnetic axes 
coincident with the pole axis, while phase 
B represents all circuits having their 
“magnetic axes in the interpolar axis. 
Equations 33 and 34 are in a form where 
the direct-axis impedance and the quadra- 
‘ture-axis impedance appear directly. The 
‘direct-axis subtransient impedance is 


Zyl =Z,4Z,' 
‘that is, Zz” is the sum of the stator 


leakage impedance and the impedance 
which rotor phase A represents (includ- 
ing its magnetizing reactance). Similarly, 
the quadrature-axis subtransient im- 
pedance is 


2)" =Za+Zz' 


Equations 33 and 34 now become 


Yim ta 78) 147 a 28 (35) 


# Za Zor 
Vsl28= Ia #7" ) + tn 4 ae ee . 8 
(36) 


The subscript a of Ij, and J, need not 
be carried further. By taking the sum 
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ret 
( 


and difference of equations 35 and 36, 


Z;" and Z,” are readily obtained: 


Vit V./28 
I+ 1,/28 
Z »_Vi-V,/28 

@ 1,—1,/28 


Za" and Z,” are expressed in terms of 
the symmetrical components of the 


qu (37) 


Figure 6a. Graphical solution for sequence 
components of voltages and currents 


Figure 6b. Graphical procedure for evaluat- 
ing numerators and denominators of equations 


37 and 38 


voltage to neutral and of the line current 
in stator phase a (reference phase) and 
of the angle by which rotor phase A 
(that is, the pole axis of a synchronous 
machine) is displaced forward from the 
magnetic axis of phase a. 


Determination of Angle 8 


The angle 6 is the angle by which the 
axis of rotor phase A (pole axis) is dis- 
placed from the magnetic axis of stator 
phase a. It is considered positive when 
the displacement is toward the magnetic 
axis of phase b; that is, in the direction 
in which the machine would rotate when 
the sequence of the impressed voltages 
is abc. 

Assume that the field circuit in Figure 
3 is excited with alternating current and 
that the flux distribution along the air 
gap is essentially sinusoidal and symmet- 
rical about the pole axis. The voltage 
induced in phase a at standstill by trans- 
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(38) 


former action will then be sioptortiont 


to the cosine of the angle between the 
pole axis and the magnetic axis of phase 
a; that is, to the cosine of the angle B. 
Likewise, the voltage induced in phase 
b will be proportional to cos (120—8) and 
that in phase c to cos (120+). Therefore 


Va=V cos B 
Vo=V cos (120—£) 
V.=V cos (120+ 8) 


With a wye connection, the voltages 
between terminals will be 


Vas = Va— Vo= V[cos 8—cos (120—8)] = 
/3V cos (8+30) 
Voe= Vo— Ve = V[cos (120—8) — 
cos (120+8)]=+/3V sin 8 
Vea= Ve— Va= V[cos (120+ 8) —cos B]= 
+/3V cos (8—30) 
whence 
Va» _cos (8+30) 
Vac sin B 
Veq cos (8-30) i 
Vea cos (8—30) 
Van ~ cos (6+30) ay 


These three ratios are plotted with respect 
to 6 in Figure 7; and, with the ratios 
computed from readings of the open- 
circuit voltages at the terminals, the value 
of 8 is readily obtained from the curves. 
Each ratio yields two values of 8, one of 
which will be common to all three ratios. 
This common value is the true value of 8. 
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ae aes EEE as Specified 
tarting conditions. Measurements 
of the three line-to-line voltages 
7a, Vee, and Vea, the three line currents 
OF, nand.t.4 
attmeter Base designated as Waav), 


_ the following pair of subscripts shows the 
lines between which the potential coil is 
i” connected. It is understood, of course, 
_ that the polarity of the potential coil 
% * - with respect to the current coil must be 
ap consistent with the order of the sub- 
scripts in each case. 
J oo Test II. | With the rotor in the same 
position as in test I, a single-phase alter- 
nating voltage of rated frequency and of 
_ approximately the same magnitude as 
p xthe rated d-c field voltage is impressed 
on the field terminals (see Figure 5). 
_ The open-circuit terminal voltages Vy, 
Voc, and V,, are read. 
Only one set of readings is necessary 
in each of the two tests. If a check should 
_be desired, the rotor may be moved to 


some other position (no particular posi-— 


tion being necessary) and a second set 
_ of readings taken for both tests I and II. 


and four single-phase 


e ordée to. Hainan vac 
relationships between ahs cu 
the voltages. 


Step 1. 
abc ‘(Figure 6a) to scale on cb asa 
using the measured values of voltages from 
test I, a 1 PA ( ° 


_~ 4 ‘ 
Step 2. Construct the ‘equilateral triangles © 
ben and bem on bc as base. Join atom and 
a to n. + 


~ Me bo hs 


Step 3. The positive-sequence comoosent, 


' Vj, of the voltage from line to neutral in 


phase a is one-third of the vector am. Also, 


the negative-sequence component, - V2, of — 


the voltage from line to neutral in phase a 
is one-third of the vector an. 


Step 4. Lay off the current a1 to scale 
from point a, lagging ab by an angle 6,4») 
such that cos 4 qp) = Waar)/(Iq Vap)- AS 
a check, J, should lag ve Cs Oa(ac) Such that 
COS Og¢ac) = Wavac)/ (La Vac). 


Step 5. Lay off I, ina ee manner by 
computing cos 5) = Woe/(Ip Voc) and 
checking with cos 05.4) = Woa)/(Ip Voa)- 


Step 6. Complete the current triangle by 
redrawing I, from the end of J. The 
closing side should check the measured 
value of J,. 


Step 7. Construct the equilateral triangles 
par and pqs on J; as base. Join a tor and 


a tos. . 


Step 8. The positive-sequence component, 
f,, of the current in line a is found by draw- 
ing a vector whose length is 1/./3. times 
that of ar and which is rotated 30° counter 


VOLTAGE RATIO 


ao On 


=BIOe 
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Figure 7. Curves for determin- 
ing angle 6 of a wye-connected 
machine using data of test Il 
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Construct the voltage triangle y 
| base, a 


- Figure 6a.) » - 


Steps 13 and 14. Proceed as in steps 11 


from Figure 6a, and a 
with respect to the comm 
° Equations 37 and | 8 x y th 


An aikenative Coed i 
ins Bs che numerators 


Hated! in Bie 6b, in ahich the ve ors: 
V,, Vo, hh, and. Ip have been: redrawn from 


Step 11. Rotate Ve forward ciara 
and add it to Vi. The resultant is 
numerator of equation 37. ‘ 


‘Step 12. Rotate V2 forward PE ty 
and subtract it from V;. The eR is 
the numerator of equation 38. : 


and 12 with the vector 4. The resultant 
vectors are the denominators of equations | 


37 and 38. . 

It is obvious that Figure 6b mee be 
combined with Figure 6a where the e 
scale is sufficiently large to avoid undue ~ 
complication. j 

A complete sample solution, using data 
from actual.tests on a 7,500-kva machine, 
is shown in Figure 8. It will be oboe al 
that V2 is negligible. This should be so” 
in most cases. Ve will be appreciable — 
only when the machine under test has a 
value of Z,” widely different from Zq”, 
and at the same time the machine being 
used as a source is relatively small or is 
feeding in its power through lines of 
relatively high impedance. : 


Experimental Verification 


Several tests carried out on machines 
whose characteristics differed widely 
from_one another showed that the values 
of Zq” and Z,” as found from equations 
37 and 38 agreed satisfactorily with those 
found from the single-phase test as pre- 
scribed in the Test Code for Synchronous 
Machines. In most cases the corre- 
sponding values were within two or three 
per cent of each other. A second series 
of tests consisted of taking several sets 
of readings on each of three machines 
with the field structures blocked in many 
different positions in order to verify the 
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ATA _FROM TEST I: 

Vab" 2320 Ig343_ 
Vpc= 2300 — 1p=39! 
Wage esie) *1,'=451 


Wa(ac)= 39-35 kw. 
Wb(bc)=-2!1-00 kw. 
Wo(ab) =~ 39-80 kw. 
~Whb(bq)= 65-50 kw. 


COS Og(ac)"+.495  Ag(qc)=t60.4° 


space evel of « ea 


Io = 454 from ‘diagram 
Sey from test) 


~ |~ RESULTS (scaled from diagram): 


COs Opie) =~ 234 — Spibc) *+103-5° V, =1330/0° a 
a Cos Ogiat) =- 500 Ogiqpy = +120.0° Vo *Negligible = 
| 60s Op(pg)=+-722 —Ob(ba)= + 43.8° I, =394483.2° 3 
ae Ip*66/+133.0° = 
DATA FROM TEST I: Ig=1\+12/26 =457-86.5°| ‘3 
piwsrs Vob/Vbc? 0.089 =55.5° or 64.0° (from Fig. 7) Ig=I)-Iz 28 -=334479.0° a 
Vc 795.0 Vic/Vcg? 1.10 = 64.0% or -31.5% " * ") »_ 1330/0° 
- Veq= 722.0 Veg/Vob: 10.25 6=Off scale Utne ) 7a" 457/-86.5° -2.91/86.5° 
; Use (= 64° 2 = 128° “1330/0° 


~ well as électtically. The agreement in 

all tests was very good, the greatest 
_ difference between the values of the angle 
as found by the two methods being 
_two and one-half electrical degrees. 


Appendix | 


- Magnetomotive Force as a Space 
Vector 


The magnetomotive force due to an alter- 
nating current in a concentrated coil on a 
cylindrical rotor, as in Figure 9, alternates 

_ up and down the magnetic axis of the coil, 
~ and has a peak height (with respect to time) 
at all points along the gap of ./2 NI, where 
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29" 33.4/-75,0 * 3-98/79.0° 
Zq(per unit) = 0.458 
a Ziq(per unit) = 0.627 


sented by the vectors My and My each of 
which is considered to pass through the 
positive peak of the wave which it repre- 
sents. At the instant that the current is 
zero the net magnetomotive force is zero; 
and, to represent this condition, the two 
vectors lie oppositely directed along a line 


‘perpendicular to the magnetic axis. At 


this same instant the conventional vector 
representing the current in the winding lies 
along the horizontal reference axis. A 
moment later, when the current vector has 
moved forward through a degrees, My will 
also have moved counterclockwise a de- 
grees, and M, will have moved clockwise 
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Figure 8. Complete solution for the sub- 
transient impedances of a 7,500-kva 6,900- — 
volt ‘three-phase 60-cycle 627-ampere 80 
per cent power factor synchronous machine 


Se 


a degrees, as erat in Figure oa ; “At. tl 


M, are 


. 


instant the vector G3 eOE ais for Mya 


M,=0.9NI/B—90+a Ps eat neiee wa 
M,=0.9 NI/B+90-a BEN Fe Ny 


*y 
~ 
2 
ets 
a 


where 6 is the angular peetion of the at 
magnetic axis with respect to an arbitrary — S 
reference axis. 

By regrouping we obtain 


M,=0.9N(I/@) /B—90 ; 
My=0.9N(I/—2) /B+90 Bs 


But J/@ is the vector expression for the 
current vector at the instant considered 
and J/—@ is the vector expression for the 

conjugate of the current vector.. Therefore — 


mS 


M,=0.9N1/8—90 = —jo.9NI/8 (42) 
M,=0.9N1/8+90 = +50.9N1/8 (43) 


Appendix ll 


Conjugate Vector Relationships 


Let the voltage and current in a circuit 
having an admittance of Y mhos be as shown 
by the vectors E and J of Figure 10. The 
current is expressible as 


I=EY 

or 

I/a=(E/B)(¥/—9) =EY/6-6, 
But, by definition of conjugates, ~ 
fa=T/a 


Therefore 
f=EY/—(6—9) =(E/—8)(Y/®)=EY - 


This means that the conjugates of current, 
voltage, and admittance are related by an 
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Lightning Investigation on 1 39-Ky System 


of American Gas and Electric Company 


I. W. GROSS - 


FELLOW AIEE 


HE last report on the field investiga- 
tion of natural lightning on the 132- 
‘ky transmission system of the American 


Gas and Electric Company was presented - 


in a paper by the authors in 1942.1 
Since that time the field research work 
has been continued, although not as ex- 
tensively as in the past, the major project 
being centered around lightning condi- 
tions at and close to the stations them- 
selves, with a smaller part of the work be- 
ing done on the line to determine the rela- 
tive effectiveness of counterpoises and 
ground rods. 

The objective of this investigation was 
to determine lightning conditions at ma- 
jor stations where expensive electric 
- equipment is located, the failure of which 
might have serious effects on equipment, 
system operation, and electric service. 
With a better knowledge of the behavior 
of lightning at stations, it should be pos- 
sible more adequately to protect impor- 
tant equipment from insulation damage. 

The results of the field study from 1942 
to, and including part of, 1944 are pre- 
sented and discussed in this paper. The 


data have been combined in most cases | 


with that previously obtained, in order 
to offer a composite picture of all records 
to date on the particular features studied. 


Plan and Scope of Field Work 


The major part of the investigation 
was carried out on a section of the Appala- 
chian Electric Power Company division 
of the central system of the American 


Paper 45-18, recommended by the AIEE committee 
on power transmission and distribution for pres- 
entation at the AIEE winter technical meeting, 
New York, N. Y., January 22-26, 1945. Manu- 
script submitted October 31, 1944; made available 
for printing December 1, 1944. 


I. W. Gross is electrical research engineer and G. 
D. Liprert is in the engineering department of the 
American Gas and Electric Service Corporation, 
New York, N. Y. 


expression which is identical in form with 
that relating the current, voltage, and 
admittance themselves. 
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Gas and Electric Company which is 
shown in Figure 1. The isokeraunic 
levels of the section of country where 
this part of the system is located range 
from 40 to 50. 

The characteristics of the transmission 
lines connected to the stations are shown 
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Figure 1. 132-kv system of ‘Appalachian 


Electric Power Company in ,4Virginia and 

West Virginia, part of central system of 

American Gas and Electric Company where 
field investigation was conducted 


in Table I. The station characteristics 
such as bus insulation, number of con- 
nected lines, line insulation near the sta- 
tion, number of arresters, and their char- 
acteristics are shown in Table II. 

The study on the counterpoises and 
ground rods was carried out on a section 
of the South Bend—Michigan City two- 
circuit 132-kv line of the Indiana and 
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Gross, Lippert—Lightning Investigation 


nes Blectric Obaluner in Tn 


which has previously been described.’ a 
In planning the field setup instruments 
were installed to measure currents ts and 


voltages as follows: : 


A. Lightning | currents in line conductors). 
in ground wires, in leads to transformers, 
and in lightning arresters. 


B, Lightning voltages at station busses. 


C... Rates of lightning and sides ph atts | 
voltage change at stations. 


D. Currents in counterpoises, peer | 
rods, and tower footings in one section of a : 
132-kv line. 

All lightning Susrents were measured. 
with the surge-crest ammeter;* lightning 
voltages with the surge-voltage recorder ;* . 


ere-r 


40 
ISOCERAUNIC— <j 


and rate of voltage change with the wave- 
slope indicator.1_ The investigation was 
carried on co-operatively with the Gen- 
eral Electric Company which supplied 
instruments and collaborated in analyzing 
and interpreting the results of field rec- 
ords. The field organizations of the 
Appalachian Electric Power Company 
and of the Indiana and Michigan Elec- 
tric Company serviced the field installa- 
tions during the investigation. 

The general locations of instruments 
are shown in Table I together with the 
years covered by the investigation; the 
number of records obtained; and their 
maximum, minimum, and ~ median* 
values. 

In Table IV is shown the instrument 
sensitivity or measurement range. The 
instrument arrangements were designed 
to cover a range of lightning values which 
previous experience indicated as most 
likely to be encountered in the particular 
circuits in which they were installed. In 
the case of surge-crest ammeters on line 
conductors and transformer leads, it was 
necessary to design the instrument, so as 
to minimize the demagnetizing effect of 
60-cycle fault currents; this resulted in 


* The median value is the value which 50 per cent 
of the records exceed. 
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132-Ky Transmission-Line Characterlstics—A ppalachian Electri 
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‘Discharge kilovolts of tubes 
Positive GU-n>o See A gONGO On DHS dod ODOC COO OOS pile mr geen CEIDE Sees aoniguo aoc OSOS foprisiaje TA ae teatte 3 sete a cidereee aa CSOs irae. bitter ictearns 680 
MOREL Bisysre cinfe se) cramiote acs rats Sree Sie ca eiaientierens a ssueloteipfel ete, e dees VAUD eo soe oOnGO DOOR TOR aN amon dopa ee Due rckie OOS DOOD Tho) bored ncncadrn 760 
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‘the lower limit of measurements being 


higher than desired. 
All instruments were in service from 


about May 1 to October 1 each year and 
_.were serviced about every two weeks dur- ' 


ing the lightning season. Instruments 
for measuring lightning-arrester currents 


and rate of voltage change at stations 


were left in service throughout the year 
but serviced only during the lightning 
season. 


Summary of Records, Analysis, and 


Discussion 


LIGHTNING DISTURBANCES AT STATIONS 
AND ARRESTER OPERATIONS 


In Table V is shown the number of 


_ years this investigation has been in prog- 


ress at the five stations on the Appala- 
chian Electric Power Company’s system. 
There has been a total of 21 station years 


~ of experience. In this table is also shown 


tions. 


the number of times lightning-arrester 
discharges have been measured at sta- 
There has been a total of 115 dis- 
turbances during this time, or an average 


of 5.5 lightning disturbances per station 


per year as indicated by the measurement 
of lightning currents at the stations. 
There has been an average of 2.3 times 
per station per year when lightning ar- 
resters discharged. This analysis indi- 
cates that on the average one lightning- 
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Figure 2. Effect of number of circuits at 
132-kv stations on lightning-arrester operations 
(1939-43 inclusive) 
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arrester discharge has occurred for each 
2.4 lightning disturbances reaching a 
station, 

The effect of the number of lines ter- 
minating at a station on arrester opera- 
tion is given in Table V and is shown 
graphically in Figure 2. The trend of a 
marked reduction in arrester’ operations 
as the number of lines terminating at a 
station increases is apparent. This checks 
with theory, and is a result of the lower 
surge impedance encountered by a surge 
entering a station where several outgoing 
lines are in parallel. 


LIGHTNING CURRENTS IN LINE 
ConpbucTors AT STATIONS 


From 1939 to 1943 inclusive, there were 
302 records of lightning currents in line 


Table II. 


Station Glen Lyn 


132-Kv Station Characteristics—Appalachian Electric Power Company Division 


conductors at stations, and 130 records of 
current in single-pole arresters. These 
data are all shown as magnitude-fre- 
quency curves in Figure 3. These mag- 
nitude-frequency curves show not only 
a summary of all conductor and lightning- 
arrester currents at the five stations, but 
also the currents at each separate station. 
The maximum line-conductor current ob- 
tained at a station was 11,500 amperes. 
Ten per cent of the currents were 3,500 
amperes or greater, and 50 per cent of the 
currents were at least 2,000 amperes. 


CURRENTS INTO AND OUT OF STATIONS 


Of the 302 lightning currents in con- 
ductors at stations, 143 were flowing to- 
ward the station and 159 were flowing 
away from the station. 


r Roanoke Reusens  Fieldale 


Number of _sus- 

pension insula- 

tor units on sta- 

HIOW DUS ee ies ao elas ass 0 WEA Seater e O10 
Flashover kilovolts 

of businsulators..... SSO=L-OSOR cr cates chreye 980 
Number of con- 

nected circuits.......... Be aheream es eatebale eta wast 
Reduced line insu- 

lation at station 


12 
Starner 910-980...... 910-980..... 1,080 


entrance......... All except Clay-.. Roanoke number 2 and. . All except Claytor....Yes....No—tube- 


tor number 1 
which is tube- 
equipped 


—Roanoke 


Glen Lyn number 2 


1 and Glen Lyn 


number 1 and equipped 
Fieldale which 


are tube-equipped 


number 


number 1 are tube- 


equipped 
Number of towers 
in reduced sec- 


Number of sus- 
pension and 
strain insulators 
in reduced sec- 


GIQHT . aiiksts nalerag sie travers alow O Fats shancuctere) tei lenaierctets Diss 


Flashover kilovolts 
of reduced sec- 
tion (11/2x40 


SOO UCTD SatOm se (Deere Qhradino oe 


positive wave)....... FA0=S8O0 sree sls + mlefelidip\> T20=765 .\c)00s) erivis o 720-850... .. +. 720-850 


Number of 3-pole 
lightning arres- 


Kilovolt maxi- 

mum  60-cycle 

FACING << scvicis.care Tweserejes WO G aterencteteieleersserleisyers 109 
Arrester-gap 

breakdown*........... Goer eatictdtrein eis. 4)5, 60 388 
IR at 5,000 am- 


ee i er 


* Average industry values. 
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** Including two circuits of 1,000 feet. 
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Table Ill. 


Lighednehteacurins Instruments, Lpentonte and Number and Magnitude ie Records 
Obtained on 192- Kv System 


Years Number Rovend Magnitude ‘ 

Ref- Instrument of of So a Te 
erence feetAiment Location Years Operation Records Maximum Median Minimum** 
1. Towerlegs above ground...... 456) sci). 1939-44.... 123 ....15,100....2,400...... 1,000 
2. Tower legs below ground:..... STS is stele 1939-44.... 66.... 6,800....1,650...... 1,000 
8. 250-foot counterpoises........ 126! ree 1989=44%) i) FSS 1000 2s 70088 tere 200 
4, Ground rods at towers........ BEES ga Sic: 1939-44.... 121 ....20,000....1,200.... 200 

5. Ground wires at towers 
near stations.............. HELE Geo.ac 1940-43.... 41 ....36,000....2,400...... 1,000 
6. Ground wires at stations*..... 100 eae: 1940-43...: 60 ....10,800....1,700...... 1,000 
7. Conductors at towers c ' ; 
near stations.............. 228 1941-42.... 171 ....14,600....2,200...... 1,000 
8. Conductors at stations........ ZO ee 1939-43... 802 .....11,500....2;000..../5.. 1,000 
9. Conductors at  trans- 
LOLMELS \ sje a vivissatejeeitoe as aleestsiars 1944.... 0 
10. Wave-scope indicators at 
SEAIONS J viescje sis ais eles sss ve Ae 1939-9/1/44....1,025 .... 810..... LUD waeeier 10 
11. Arresters at stations......... 288 ifr tee 1936-437... 261}... 4,100.45, 500%. <5 200 
12. Voltage recorders at sta- : 

IONS frais sieeve taieie sie, bie ste One eis 1939-43.... 429... S25 isco LB Bea ns 100 
*Where three ground wires are in parallel. tSingle-pole years. 
**Lower limit of link registration—trace records. tSingle-pole records. 

In Table VI are shown simultaneously Table IV. Instrument Measurement Range 
obtained currents flowing toward and 
i .( Surge-crest ammeters 
see from stations and the apcompany: On tower legs.......... 1,000 to 55,000 amperes 
ing station arrester current, all three re- On ground wires........ 1,000 to 72,000 amperes 
corded on the same phase wire. In each On line conductors...... 1,000 to 55,000 amperes 


case the current values given are the sum- 
mation of all currents measured in line 
wires and arresters. Of the 58 cases show- 
ing simultaneous line currents into and 
out of the station, 24 of the highest rec- 
ords were selected for analysis in Table 
VI. From the table it appears that there 
is no characteristic trend between the 
magnitudes of currents entering and leay- 
ing a station, nor between these currents 
and the arrester current. However, as 
there were other station current paths 
where no instruments were installed and 
as the instrument sensitivity does not per- 
mit measurement of low values of cur- 
rent, the comparison of currents by the 
above method may not be significant. 
The question may well arise as to why 
lightning arresters in some cases show no 


discharge current with currents in line: 


conductors of 3,000 amperes or more. 
A line current of 3,000 amperes and line 
surge impedance of 400 ohms would pro- 
duce a line voltage of 1,200 kv, which 
should cause arrester operation. The ex- 
planation may be that recorded line cur- 
rents are the addition of several lightning 
surges—not merely one. Again, the cur- 
rent measured may be the result of re- 
flection at a transition point where the 
surge impedance becomes lower and the 
line voltage at the station likewise lower. 


CURRENT ATTENUATION AND REFLECTION 
ADJACENT TO STATIONS 


During 1941 and 1942 surge-crest am- 
meters were in service on line conductors 
at the five stations and on all circuits at 
intervals of approximately one-half mile 
and one mile distant from the station. 
By this arrangement it was planned to 
obtain data on attenuation and reflec- 
tion of lightning currents in line conduc- 
tors. Of the 58 records obtained, 23 were 
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200 to 14,400 amperes 
200 to 24,000 amperes 
200 to 24,000 amperes 
10 to 10,000 kv per 
microsecond 
100 to 1,300 kv 


On lightning arresters. .. 
On ground rods........ 
On counterpoises,...... 
Wave-slope indicator...... 


Surge-voltage recorder. . 


of low magnitude or. of inconsistent direc- 
tion of current flow and were rejected in 
the tabulation. In Table VII are shown 
the 35 records selected for analysis. The 
averages of currents flowing toward the 
station were 2,800 amperes, 2,600 am- 
peres, and 2,810 amperes, respectively, 
at the station, one-half mile out, and one 
mile out. Individual cases, however, 


pe 7 a ee 


Table VL Simultaneous ‘ametona 
Currents Into and Out of Stations W. 
Accompanying ‘Arrester Currents 
94 Selected Records (3,000 eee 
Greater—Either Incoming or Outgoing) - 


Total Total 
Current Current 
Into Out of 
Station, Station, 
Amperes Amperes 


Arrester 
Current, 
Amperes 


Glen Lyn. 11,200....8,700..... N*¥ 

Glen Lyn.. 7,500....1,000..... N 

Glen Lyn.. 5,000....1,000..... N 

Glen Lyn.. 2,800....3,600..... N 

Glen Lyn.. 3,400....2,400..... 300% st: cere 1 
Glen Lyn.. 2,300....3,400.. N 

Claytor.... 3,000....1,000.... N 

Claytor.... 2,000....3,200... N 

Claytor.... 2,000....3,800..... N 
Claytor.... 2,400....3,400..... N 
Claytor..... 3;700.....2;700 22-6 N 
Claytor.... 3,000....2,000..... N 
Claytor.... 1,000... 34,200... . N 

Claytor.... 5,000. ..-1,000....: N 

Claytor.... 8,200....1,000..... 850 x. Seis 
Claytor.... 1,000....4,000..... L750) Sacco cig 
Claytor.... 4,600....3,000..... N 

Roanoke... 1,000....5,300..... 15750 Wess stece 
Roanoke... 2,000....3,200..... S50) ets toie 1 
Roanoke... 1,000....3,000..... 200 ...... i | 
Roanoke... 3,000....2,000..... 450 73 Aa. 1 
Roanoke... 3,000....2,000..... N 
Roanoke... 4,800....8,000..... N 
Roanoke... 2,000....5,800..... N 


* N indicates no record obtained. 


varied considerably from the average re- 
sults, and the data do not indicate any 
definite trend. If the currents attenuated! 
to any extent, the results are obscured by 
possible reflection at the station where a 
change of surge impedance is encountered. 

In the case of currents flowing away 
from a station it was believed that, if ap- 
preciable attentuation took place, it 
would not be obscured by reflection from 
the station. An average of all the rec- 
ords indicated currents at the station of 


Table V. Lightning Disturbances at 132-Kv Stations, 1939-43 Inclusive 


Roanoke Glen Lyn Claytor Reusens Fieldale Totals 
Station years of investigation.. 5 ..... ret Be Bee Sisters Sti M Fhaeeeee a ee a 21 station 
% years 
Alllightning disturbances* 
LOS Oe ra eo sissies eee ee ae MOOT SN OANA cbc bees oon bis 4 
TOAD) wre nidin des sersteue aieralgieiatareteys Spot otsisve sue Ons teeios het NEY B,2tue eos yd Se 28 
LOB eracelaieat seineietipie sieistere Oa acest 6" is Whats ONS ws tyetere reno ete s SPN Bai eee 25 
DOD i ratave eis s:6'aysietstesinscene etek fo Haunlen Heke Ai Sie, te ote, Cer eit Oy BAT ak ce Sei, Ses 25 
1943 ras cia Aa ea sie eeuehiteaietr ects OSS niaete EAL RD, ee Ye eget V ae BA eS ee ae, 33 
Potala. aisiete acahers eter ets 30. Pees 20M Neste 28) OR eke 20 Psat LTS > Ae 115 
Average disturbance per 
Rho eG SIE fr GACT OA aoe CO arty sixes Bic O we gadevetere 58 ae Dic) veichoiasia 4.3 
Disturbance per station per year—1939—43 inclusive 
Experience years'(1939—43 inclusive) S... uctcmeiies lacloe see he ous ons atte ee nee eee 21 
Disturbances ..:..s:sie.e:evaze ats a oie gaiojoioialpeerielakevate sve altelehes iekeverobel see ores Gitte le ae oe ea ea 115 
Disturbances per station!periyear... Wessnasise+n dost tenho cob eerie een ae 5.5 
Lightning arrester discharges 
LODO SRG er cswins tet ton ere Dyk | Holes estayeuetedetets:e eis ercratajuie eaters) Seale Ames aC eee conic eae a 2 
LOO che teccie' ale eo tlctieiaiotesa tee aL AO ARE PDS AA 5 OMS arto 3), Japrotaate oy Sis eiatece 9 
LY Ue SRR SEAS aa ea? 1 ee ees Sing BS ictencters OO,” ate. DY AS a she SER os stese 12 
LOAD ievalarore'lo, s cpeketeousistate eects Oe tune cree: DW eles LDA. Sais Dy Ui Peete ce rn aS 10 
LDAG NG Seuss orsielasesois oe teicl aeteeTe Data Coca ly: ioutte pes al 5 ae CH eres Se Ce Sere 16 
Dotal .3 ssikvcces.coaaneieieste ake SMEs este 2 1 [RS A ee. Neate REAR. 5 ZO iets Svserence 1b Re peers oat 49 
Number of lines entering 
SCAtION fot ha cite Sorte Rina Dg) Beta tnters y eee, 6? et ceo 11 /g2%. eas 2 
Lightning-arrester opera- 
tions per lightning dis- 
CUNPANee ecm iceicw oelthe Ooi OS 228 eer. ORo50. tie OROST 100 Snare 0.710 0.425 avg 
Averageidischarges per station per! year.jsui cele) siete sieeve teeta 49/21=2.3 


* Indicated by measurement of lightning current in conductors and/or arresters. 


** Based on two circuits entering station on same towers. 
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"Measurements were obtained te cur- 
rents in lightning atresters at the five 
stations - from 1936 to 1944. inclusive. ae: 
_--—-' The maximum current obtained during 
mA é i this period was 4,100 amperes. This 
oe rents i in ) conductors record, however, was obtained ata time 
stations Bt7 32 788 _ when no other instruments were in serv- °1,000...... 
ice at the station, and therefore no cor- 5 00.--.. -3,700 . 
relation with other lightning data was 3,200... 2,900. . .3,200 
‘ possible. 7 ' ; 
The arrester records shown in Figure3 
93 arrester ase . (1940-43 inclusive) include. only those ah pane a 
station—24 conductor records, _ obtained when instruments were in serv- 


26 arrester records ice to measure line-conduttor currents.  2,800....2,600...2,810 _2,670.. 
usens station—10 conductor records, However, the inclusion of data obtained i =U. ka el 
«66 arrester records Pye from 1936 to 1939 inclusive on arresters — “ht ax! 08 0 ee Tipp 
D —C claytor station—76 conductor records, only does not alter the shape of the mag- 1,500 amperes or higher, and 50 per cent 
6 arrester records nitude-frequency curve, except to in- were 500 amperes or higher. Although a: 
len Lyn station—66 conductor records, crease the maximum value of current to the maximum value of arrester current 
Ser 9 arrester records 4,100 amperes. Of the lightning-arrester measured in this investigation was only — 
ll records—302 conductor records, records obtained simultaneously with 4,100 amperes, on another part of the 
130 arrester records _ lime-conductor currents, ten per cent were system a maximum arrester current of - “f 
t q ia , .< 
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16,000 amperes was measured in an ar- 
rester on the 132-kv system—the result 
of a stroke within 400 feet of the station. 


RATES OF VOLTAGE CHANGE AT STATIONS 


In a previous paper! the authors pre- 
sented data on the rate of surge-voltage 
change at stations comprising 539 wave- 
slope indicator records for 1939 to 1941 
inclusive. In the past three years there 
have been obtained 486 additional wave- 
slope-indicator records making a total of 
1,025. These six years’ records have 
been analyzed and the results are pre- 
sented here. 

Of the 1,025 records, 353 were rejected 
because they did not lend themselves 
readily to accurate analysis. The 672 
records selected for analysis have been 
segregated into three groups. The first 

group consists of 348 surges believed to 


be attributable to switching only; the ~ 


second group, 291 records which were the 
result of lighting and switching; and the 
third group of 33 surges interpreted as re- 
sulting from lightning only. These three 
groups of records are shown as magni- 
tude-frequency curves in Figure 4. The 
maximum rate of voltage change caused 
by lightning only was 810 kv per micro- 
second, with ten per cent of the records 
475 kv per microsecond or greater, and 
50 per cent of the records 220 kv per 
microsecond or greater. In the lightning 
and switching group, the maximum value 
was 648 kv per microsecond, with ten 
per cent of the values 300 kv per micro- 
second or greater, and 50 per cent of the 
values 150 kv per microsecond or greater. 
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Figure 4. Rates of surge-voltage change at 
132-ky stations (1939-44) 
I—Lightning only—33 surges 
II—Lightning and switching surges 
[II—Switching only—348 surges 
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In the ee? group, aie rates of Fotts 
age change were a maximum of 470 kv 
per microsecond, ten per cent being 200 
kv per microsecond or greater and 50 per 
cent being 115 kv per microsecond or | 
greater. 

At the Roanoke 132-kv substation, 
wave-slope indicators were installed on 
phases one and three of all connected 
lines. The wave-slope indicators were 
located on carrier-current capacitors 
which are connected to the incoming line 
ahead of all other station apparatus and 
are some 70 circuit feet from the station 
bus. The maximum distance between 
measuring locations was approximately 
280 circuit feet. In Table IX are shown 
25 simultaneously obtained records of the 
rate of voltage change at different loca- ‘ 
tions in the station. 

From the data it is seen that the rate 
of voltage change due to a surge may vary 
widely between different points in the 
same station. An extreme case is shown 
in reference 14 of Table IX. Here a rate 
of voltage change of 470 kv per micro- 
second was recorded at the line entrance 
of Reusens number 2, whereas at the line 
entrance of Reusens number 1, some 200 
circuit feet distant, the rate of voltage 
change was below the minimum sensi- 
tivity of the wave-slope indicator (ten 
kilovolts per microsecond). Numerous 
similar occurrences are shown in this 
same table. Thus it appears from the 
data obtained that widely varying rates 
of voltage change may be present at 
different parts of a station during a 
single lightning disturbance. 

In Table IX is shown also the maximum 
line-conductor currents coincident with 
the measured rate of voltage change. 
The maximum line-conductor current 
shown is 8,000 amperes (reference number 
24). This is associated with a maximum 
rate of voltage change of 412 kv per micro- 
second and a minimum of 33 kv per mi- 
crosecond, the latter value being meas- 
ured within 25 feet of the 8,000-ampere 
line current. Thus, the maximum rate of 


Table VIII. 


voltage change in this case was recorde 
at some distance (250 feet approximatel; 
from where the maximum line-conducto 

current was measured. e 
number 14 of this same table, the rate of 
voltage change of 470 kv per microsecond 
‘was measured adjacent to a line-con- 


O 20 40 60 80 

PER CENT OF RECORDS 

Figure 5. Lightning currents in overhead 
ground wires at 132-kv stations 


]-In single ground wire on the line side of 
the first tower-from station—41 records 


II—In one of three ground wires between 
station and first tower out—60 records 


ductor current of 2,000 amperes. As in 
the preceding case, the maximum line- 
conductor current occurred some 175 feet 
from the point where the maximum rate 
of voltage change was measured. 

Of the 25 cases shown, there were only 
three instances where the maximum 
rate of voltage change and the maximum 
line-conductor current existed at the 


Attenuation of Lightning Currents in 132-Kv-Line Wires 


Reversals of Line Currents Above 1,000 my in One-Mile Sections From Station 


Lightning- 


: One-Half One Arrester 
Case Station Line Conductor Station Mile Mile Operation 

_—_ <— 

Arn ncantens Glen Lyn...... Clayton scades Bottom... see cs C236} 0) OF) ae ee 9 SOMa rare 9,500 Swan No 
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Fig Se 6. "Surge voltages on 132-kv station 
oe ee, busses a 940-43 inlets) 


at as ‘Obtained nearest to the Scat 
; stroke initiating the disturbance, it 
‘ would appear that the highest rates of 
vo Itage change are not caused by the 


within the station, possibly voltage re- 
fle tions from apparatus terminals, and 
similar causes. If this be true, it dictates 
e necessity of placing protective de- 


vices close to. the apparatus to be pro- 


a GROUND-WirE CURRENTS AT SraTIons 


- ground-wire currents obtained on the line 
side of the first tower from the station and 
currents in the ground wires between the 
first tower and the station structure. The 
“maximum current on the line side of the 


ating surge but by other conditions | 


In Figure 5 is shown a comparison of 


ly onaceat 


at the first tower out from a station for 


the three different ground-wire arrange- 


ments investigated i is shown in Table X. 


Though it might be expected that the © 


suum of currents in multiple-ground wires 


between station and the first tower out — 
nearly would equal the ground-wire cur-— 


rent on the line side of the tower, this i is 
not always true. The reason, no doubt, 
is that no account has been taken of the 
unmeasured tower current itself. \ 


LIGHTNING VOLTAGES AT 182-Kv 
STATIONS 3 


A total of 429 bus-voltage records were 
obtained during 1940 to 1943 inclusive 
from surge-voltage recorders. These_ 
were in service at the Roanoke, Fieldale, 
and Claytor stations during 1940 and 
1941, and at the Roanoke station only 


during 1942, 1948, and 1944. As records © 


of appreciable magnitude were not ob- 


tained during 1944, they have not been — 
The maximum voltage 


included here. 
obtained was 525 kv, 50 per cent of the 
records being 165 kv or greater. These 
voltage records are shown as a magnitude-— 
frequency curve in Figure 6. These are 
all below the safe impulse strength of 
modern equipment pees on 132-kv sys- 
tems. [32 


_ The ground-wire current distribution 


Rae aeotaeel ia ‘tower ‘Ie 
“poises, and ‘ground rods are 


“Table IX. Coincident Rates of Voltage Change and yaar Lightning Line Currents at 
4 Roanoke 132-Kv Substation (1940-1943 Inclusive) 
ee 
. ; Kv/us 
4 , Maximum Claytor Reusens Lightning- 
iad Line ——————— CS nn — nnn ee Arrester 
f Reference Amperes Phase Number1 Number 2 Number1 Number 2 Fieldale Discharge 
ie ee Gone Sr DOU ia saratens ere 1 ne ee ee LB eters chetane G4 agi: ROS. ccsuanoinis LO2* ee No 
be thas ae tts OOO i o:0 sin-0 0 0 ate ats cverePeieveuiia ato a ores T26 G ais stash ops Qa Oo PR OE ac USO Rear a. Yes 
F arate lees Zr BOO Ri aneysha eres Sn otitis) C1 ean ost He TADS biptie a by <5 ee VB tRavcteve ss V5OR Sanco Yes—2 
LSE Not DAO ate es Datetelenracete Uy Oi A ae, BOO rate laws a vie aterett tak" Bo natete teats SOP Ne. ctwes No 
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Figure 7. a: : 
z. total et 29 cases was obtained 


FEE So BS footings a 
and counterpoises. In all cases except 
one (case 10), the tower footing was most 
effective in. carrying pore aki vi 


AMPERES 


re) 20 40 60 80 100 

PER CENT OF RECORDS 
Figure 7. Lightning currents in tower legs, 
counterpoises, and ground © rods—South 


Bend—Michigan City 132-kv line (1939-44) 


|—52 currents in 250-foot counterpoises 

II—115 currents in tower legs above ground 

\II—111 currents in ground rods (10 to 120 
feet) 

|V—65 currents in tower legs below ground 
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Table X. Lightning Current in Gronnd Wires at 439-Kv Stations, 4940-1944 


Type 1. Glen Lyn, Claytor, Roanoke 


(Only Records Where 3,000 Amperes or Above Were Measured in at Least One Wire) 


‘Type 2. Reusens 


' Type 3. Fieldale 


Amperes* : 
eee ees SS ee one 
= r Total Total , 
Line Station Station Line Station Station Line p Line 
Side Side Side Side Side Side Side Station Side 
—2,500..... 2,000 
1,000} .. 6,000....17,200..... 10,000 —=1,000)..5. —4,300...—1,000 
...15,800 
3,000 5,800 
1,000... —11,700 
36,000..... 8,400 12,200..... 12,500 | |. 45,500 
10,300 . .27,700 33,000 : =2,4000. 0 ee 5,800... .21,000 
9,000 
9,500..... 1,000 3,000 8,000.... 2,000 
1,00{ 3,000 —4 000% ast 20,600... .20,100 
1,000 6100) 7,600 
4,500..... 9,700 ,500 2,900.... 3,400 
4,600 7. .23,800 5,000:4..5 :2,000...« 2,000  —4,800 
9,500 
—9,400.... Bacon 2 O00un eee 3,400... —1,000 
—2,400J . —4,400 2,900..... 7,100... .12,000 
35,000..... 8,500 
7,400 +. .24,200 
8,300 
peetone aa . 18,300 TOWER TOWER ; 
7,300 
6,000..... 1,000 VINER LINE 
1,000... 4,100 
12,700 aoe Ae) 
ee 3,300 + ..11,200 STATION 
3,300 Type 1 Type 2 
4,200 
Be a TOWER veg 
—1,000 
27,500... ¢. 8,500 LINE LINE 
7,000 . 25,750 468FT 
10,250 
3,400 STATION 
O75 hve 2,400 Type 3 
1,000} . .5,400 
2,000 


* Current direction as shown in figure, otherwise shown (—). 


poise as carrying 70 per cent of the current 
expected from its d-c conductances, the 
ground rod 115 per cent of that expected, 
and the tower footing 302 per cent of that 
expected. Though there is considerable 
variation between the individual cases, 
the trend indicated is quite definite. 

In other cases not shown in the table, 
where ground-rod and tower-footing cur- 
rents only were recorded, the ground rod 
(eight cases) carried 83 per cent and the 
tower footing 180 per cent of that ex- 
pected by d-c conductance. Similarly 
where counterpoise (four cases) and 
tower-footing currents only were meas- 
ured, the counterpoises carried 71 per 
cent of the current and. the tower footing 
393 per cent of the current that normally 
would be expected. A similar compari- 
son between counterpoise and ground- 
rod currents only (eight cases) indicated 
that the counterpoise was carrying only 
81 per cent and the ground rod 162 per 
cent of the current expected by d-c con- 
ductance. 

Summarizing the data presented here, 
the tower footing is most effective in 
carrying lightning current; the ground 
rods less effective; and the counterpoise 
least effective. In this location the effi- 
ciency of ten-foot ground rods is very low. 
The maximum ground-rod efficiency is 
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shown for ground rods of 40 to 60 feet in 
length. The type of soil was sandy loam 
of moderately high resistivity; the ground 
rods ranged from 10 to 120 feet in length; 
and the counterpoises were 2/0 copper 
250 feet long, buried 18 inches. Tower 
footings were of the grillage type about 
five feet square and ten feet deep. 


Discussion of Special Records 


In studying a large quantity of sum- 
marized data such as has been obtained 
during this investigation, an analysis of a 
typical case may be of interest. In Figure 
8 are shown typical records of a lightning 
disturbance at the Roanoke 132-kv sta- 
tion. During the servicing period of ap- 
proximately two weeks, two lightning 
storms were reported in the general vi- 
cinity of the station. From a study of the 
lightning currents recorded (Figure 8), 
it appears that there were five lightning 
strokes to the 132-kv system in the gen- 
eral vicinity of the station. Three of 
these strokes were on the Claytor circuit: 
one between the first and fifth towers of 
26,000 amperes or more; one between the 
fifth and seventh towers of possibly 36,000 
amperes; and one stroke beyond the 
seventh tower of 42,000 amperes or 
higher. Conductor currents measured in 
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‘the Fieldale circuit indicate a possible 


et aN Giana eh 
Fe 4, Th ie i 
oy Vt” eG eile ae, 1 ee 


stroke beyond tower 8 of this line. The 


absence of any ground wire records on — 
this line suggests that the stroke may 
have been several spans past tower 8. 
One stroke of at least 65,000 amperes was — 


indicated by currents in the ground wire’ 
on the Reusens circuit. 


from the station. i 
During this disturbance, the maximum 


line current recorded was 2,700 amperes; 


This stroke 
occurred between 3,500 and 9,300 feet 


the maximum rate of voltage change was | 
440 kv per microsecond; the maximum 


voltage recorded at the station was 413 _ 


kv. None of the three three-pole light- 
ning arresters at the station showed 
measurable currents, although it is pos- 
sible that the arresters operated but the 
current was below the measurement range — 
of the instruments. 

In view of the records obtained in this 
one case the following statements seem 
justified: 


1. Where lightning strokes occur some 


1,500 feet or more from a station, if the line — 


conductors are shielded, maximum lightning 


) 
| 


currents in the line wires at the station are © 


in the order of 2,700 amperes or less. 


2. Under the same conditions the incoming | 


lightning voltages are not sufficient to cause 
arrester operation in the station. 


3. Rates of voltage change at the station — 


resulting from these nearby surges ranged 


as high as 440 kv per microsecond, although — 


the nearest stroke was probably 1,500 feet 
distant. This feature may be significant 
in indicating that higher rates of voltage 
change at the station may occur, if the 
strokes are nearer the station. 


Summary and Conclusions 


From the results of this investigation, 


the summary data of which have been — 


presented above, the following conclu- — 


sions are drawn: 


1. Lightning disturbances at five stations 
over a four-year period averaged 5.5 per 
station per year. Of these, 2.3 per station 
per year were of sufficient magnitude to 
cause arrester operation. 


2. Lightning currents in conductors at 
stations showed a median value of 2,000 am- 
peres. Seven per cent were 4,000 amperes 
or above and the highest was 11,500 
amperes. All lines were shielded with over- 
head ground wires terminating on the 
station structure. 


8. There appears to be no appreciable 
attenuation of lightning currents in line 


* conductors within the first mile of the sta- 


tion. 


4, The highest lightning-arrester current 
measured was 4,100 amperes, although 
elsewhere on the 132-kv system one current 
of 16,000 amperes was recorded. 

Based on these results and similar records 
of arrester current obtained by the authors 
and others, it appears that the AIEE 
Standards for distribution and station-type 
arresters of 65,000- and 100,000-ampere 
lightning-current discharges are consider- 
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of lightning surges measured at a station 


was 810 kv per microsecond, the median 
value being 220 kv per microsecond. 


The maximum rate of voltage change due 
to switching surges was 470 kv per micro- 
second and the median value was 115 kv 
per microsecond. 
made for a reasonable factor of safety, the 
present generally accepted 1,000 kv per 
microsecond rate of rise for test specifica- 
tions on apparatus seems reasonable. 


7. The rates of voltage change measured 
within a station varied considerably at 
different points. 
as 470 kv per microsecond were observed 
at one point in the station, whereas the rate 
of voltage change at other points was below 
the range of measurement (ten kilovolts per 
microsecond). 
necessity of keeping protective devices 
close to the equipment to be protected. 


8. No consistent ratio was observed be- 
tween lightning currents in conductors and 
the rates of voltage change at station 
entrances. 


9. The maximum lightning voltage meas- 
ured at any substation was 525 kv with 
50 per cent of the records 105 kv or greater. 
This maximum voltage value is well below 
the safe insulation strength of modern 132- 
kv station equipment and within the range 
expected from the arrester protection. 


10. In this investigation no consistent 
relationship was found between lightning 
currents and voltages at a station. 


Lightning currents in line conductors of 
11,500, 8,500, 8,000, 7,500, 
amperes were recorded without any arrester 
operations recorded. These were accom- 
panied by measured maximum rates of 
voltage rise of 100 to 160 kv per micro- 
second. The arresters at the station where 
these high-current records were obtained 
have a gap breakdown of 635 kv. 
instances arresters discharged where the 
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ning disturbance at Roanoke 
132-kv station (August 18- 
September 3, 1943) 


121- KILOVOLT 
LIGHTNING ARRESTER 


When allowances are Table XI. Division of Lightning Current Between Counterpoises, Ground Rods, and Tower 
Footings, South Bend—-Michigan City 132-Kv Line 
Relative 
Per Cent Efficiency 
Length, Resistance, Measured 2——-—————H————_ Ratio 
Case Member Feet Ohms Amperes Conductivity Current 7/6 
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Rates of change as high 
isis COUNtELPOISes. (cea aya eu Zola ere ore LDS aoeae. 73800 se SQ Sinnitn wae G4.85 Bee ais 0.78 
Growtid! rode Soetaiae amar GOMES Lianne WO savers PRAUO SAA Gee LP4 5... tee ZOD rece ote 1.80 
Tower footing............ LO. tes aici ZOO! Sere wists VSO Nec er 6:3), c.cmree 5. Ose eteeent 2.37 
spats 2 erie COUMCEFPOISE,..'5 4.6) chide» eres ZOO. wien ete see eee OOO Osis crenrers GOS eer, oer OL Ok cteveicte 0.73 
This indicates clearly the Groundirad. scene ee HOO Raat 1OOU ee. 200 mae ce oo 3.0% ented 0.31 
Tower footing............ LOA actetat AS): eee! S000 tens wee BOT ontuek 4605 Mia 2.23 
Sawies Counterpoisess . s,s cee ZO pawernees LQ) devas OOO Fonte 61.05 eine etevt AS~57:. Wauevers 0.72 
Ground: rode aestres aten AQ. nies DOA aie ose S,000re ference 2G Direietonk: 2BiS) Ruehttecs te 1.08 
Tower footing... wo... os LOD Re avenerere AS ae tecce S800. Dewates VOSS erect DS iais aielare ce 2.20 
Aas whe COUNTETDOISE: jejais or vices ZOO ste te Ae otters % 3j500.. incre GOTie erations be Acute 0.80 
Groundl rod) ratte ie cclete eure LL O\ se snare ott AB os. ciehs 200.2 teeta TO xe es Seow cer 0.16 
Tower footing............ Os stages ASR nats S/00Oca sete UGS renee AG2 xy, picks 2.75 
5....Counterpoise............. D5O- aeoaras Oo. sates 3000. ateie cre LB imraitencre DLs Diteedglerers 0.73 
Ground rod!) Mace wie, cee LOO nserceuaees Seis. sracatehas 6 U5250 icra 2ODie he aioe DUCT cyalePeneee 1.07 
Tower footing'aa w..4.'. os ce LOOP care a 80 L BOOK ate. crete 3:0 feuds O22) Kats the 3.14 
Gass Counterpoise.. 6. 0.5 6 i0 ne 20 25s area Sich fer, 's SINDOS Siw. ske.< Oca brates BD's circus 0.55 
Groutid: £od'j cis, wre. 2 te AO scion nays Pateiate alate g Di ZOOM raeiacee VS Sevarctecasete PSA TAO BIS 1.36 
Mower LOOM. cx. kaisin ely store LO! ctaniecet MOO: a ayer sncet G;800.a6 cm. BiQi ei fie SQ Oi even 5.34 
Var OUMLELD O1SE hi... 6 6 a dente sree 250 sisi tte Var srt fevers GisOUR cee OT. Grrl ace OG.3:icm sone 0.99 
Ground (£00 «han <cttidien etre So Varsities ts a ZOO Sale cpek AGIOS scien Zale certeiere 0.08 
Tower foOuing csicisr. «capes cue WOK apswrerre 1G % okey 3,000) Bocca Cade oterecany SiGe ar 5.35 
Sores COUNTEE DOISE Tie ove) she ietieeciers ZOO ws sisisitaie BO ic tees DOO Sie ae BOL cetert oters 44-3) So Sak 0.65 
Ground rodicns. cin. ivelereumncte 0) 5 Ske os AO cotati se OOO se flee UA Rhavene 29.0 eae 1.67 
Dower footings. 2c ccisael « NO Aan c pS eee S,Q00 LK stele « es a is 26.2. shins 1.98 
Oe oe ACOUNTEFPOISE), les oo ers 16 neh DOOR emi delete gt Ons oiecars B00. nis wietons Wl, Brtare saree Gl Awa ates 0.85 
and 6,500 Ground rod.............. ici eer hk: ees 1400s poise an 19.72 nee 0.92 
Dower footing... vayens0.61< VO reece ors ate U's, Ctarebecas LO00% (retain S055 ;..7ee 20.0 verre 2.50 
1Oss. a counterpoise yy, oh. 0<.< sowie BGO! by cx LO eRe oe BOD Tee Ce eee 13.7 0.192 
Groundirods ai... «ts,cc1040-'< GORE Besckss SOLS cries SOO care eee TOCae no eneek GON) eet 3.06 
Tower footing}... iai0%.s 3 iN Oe bape i BO atone cil UNDO Senste.ctes OO Nereis. tua 25:6 eaters 2.84 
Average values 
WOUHEERDOISC rey chr chiens lates ete eo ole, oikes. «bs canis sajansilsy bad) Maavrial's aRo¥suoraue leh oper cbahs foneteletercttts oc, OMe 0.70 
ENO PCT OC ra tate ante lence pccSele iste Tos: ahs. cise as iota oieis Sl vleiella'(e. eteus sche he ienetielisl s, & e]a eis oNtgeRee tonearm 1.15 
In other AOWET: TOOLING RN tre arte ere co nats ie > Seas sie fais = oR ausfies’d 09) 8/0) Siny dpe ede's) Ritts eieeer a ee Ome 3.02 


Gross, Lippert—Lightning Investigation 


TRANSACTIONS 83 


Mercury-A\rc Rectifiers for Railroads : 


S. S. WATKINS — 


MEMBER AIEE 


URING the past five years, because 
of wartime restrictions, few addi- 


tional mercury-arc rectifiers have been in- - 


stalled for railroad use. This period has 
been notable for intensive development 
and mass production of rectifiers for elec- 
trochemical industries where they have 
been operated to produce concentrations 
of current output greatly exceeding those 
‘required by railroad loads. 

The purpose of this paper is to examine 
those developments in mercury-are rec- 
_ tifiers and associated equipment that de- 
serve consideration in future plans for the 
supply of direct current for moving trains. 
To this end, experience of operators has 
been studied for data of value. Results 
of space and cost studies for typical 700- 
volt substations are presented, prepared 
on the basis of present-day apparatus 
designs. Study of apparatus character- 
istics is not limited to the conditions 
chosen for typical substations but is ex- 
tended to include their significance in the 
design of d-c power-supply systems in 
general. 


Operation, Control, and 
Maintenance 


The majority of mercury-arc rectifier 
substations for transit and railroad 
service are nonattended with automatic 


starting and protective equipment. Di- 
rect-wire remote control or supervisory 
control! to the nearest suitably attended 
location, or supervisory control of a group 
of substations from a load dispatcher’s 
office, are methods commonly used. The 
operating advantages of a central super- 
visory-control system should cause its 
increasing use. As a minimum, super- 
visory control must provide remote start- 
ing and stopping of the rectifier, with in- 
dication of running or stopped condition, 
and remote indication of rectifier auto- 
matic shutdown and lockout. Teleme- 
tering of output often isincluded. Indica- 
tion of running condition of control- 
battery charger or telemetering of bat- 
tery voltage often is used. Abnormal 
temperature or vacuum conditions such 
as to cause rectifier shutdown and lock- 
out? usually are not separately indicated 
by supervisory control, but are registered 
on operation indicators or annunciators 
in the substation. 

Daily visits of one-quarter hour to one 
hour to each substation are the practice of 
several organizations maintaining a large 
Paper 45-17, recommended by the AIEE committee 
on land transportation for presentation at the AIEE 
winter technical meeting, New York, N. Y., 
January 22-26, 1945. Manuscript submitted 


November 8, 1944; made available for printing 
December 1, 1944, 


S. S. Warxrns is electrical engineer, Gibbs and 
Hill, Inc., New York, N. Y. 


accompanying line-conductor currents were 
as low as 2,000 amperes. 


11. Where three ground wires were in 
parallel between the station structure and 
the first line tower, the lightning currents 
divided nearly equally between the three 
wires. The maximum. lightning current 
measured in a single ground wire at stations 
where three ground wires were in parallel 
was 10,300 amperes. The maximum current 
on the line side of the tower where there 
was only one ground wire was 36,000 
amperes. 


12. Based on the measured d-c resistance 
of tower footings, ground rods, and counter- 
poises, the tower footing is most efficient, 
40- to 120-foot ground rods less efficient, 
and the 250-foot counterpoise least efficient 
in carrying lightning currents. This con- 
clusion is based on results where the soil 
is sandy loam and of moderately high re- 
sistance. 


13. At stations having a large number of 
connected lines, it appears that compara- 
tively high line-conductor currents rarely 
are accompanied by sufficient potential to 
cause arrester operation. At the stations 
having only two connected lines, numerous 
instances occurred where arresters operated, 
but currents in the line conductors were 
below the limit of registration (1,000 
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amperes). It is therefore concluded that 
the presence of several lines at a station 
reduces the severity of lightning conditions 
to which apparatus can be subjected. 


14. Although the records indicate direct 
lightning strokes to the transmission system 
within a mile of the station, there was no 
case of failure of equipment within the 
station. It therefore is concluded that the 
present method of protection by shielding 
incoming lines and limiting the voltage by 
lightning arresters at the station has been 
fully adequate. 
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Watkins—M ercury-Arc Rectifiers 


pia of natipaded mercury-arc recti 


fiers of the 650-volt class and predomi- 
nantly of the multianode type, but ing 
cluding a few single-anode multitank 
units. Practices for cleaning and com- 
plete inspection of rectifiers and all sub- 
station equipment vary in these organiza- 
tions from six hours once per week to 
eight hours once per month. Complete 
overhauls are made at intervals of once 
per year or longer. Maintenance-cost | 
figures for rectifiers vary widely but were 
placed at about half that of synchronous 
converters where compgranne data were 
available. 

Recent records of oe pate frequen 
ranged from two to five per year per rec- 
tifier. Increase of arc-back rate above the 
average for any rectifier has usually in- 
dicated some abnormal condition which — 
required correction. Systematic records 
of arc-backs for each rectifier, by date, © 
have been a valuable assistance in effi- 
cient maintenance. Following arc-backs, 
rectifiers usually are restarted by remote — 
control immediately. D-c feeder short — 
circuits that are cleared with normal — 
speed usually have no adverse effect on 
rectifier operation. 

Experience with multianode rectifiers — 
and single-anode multitank rectifiers on 
the same system indicates that a main- 
tenance crew should cover about 50 per 
cent more rectifiers of the latter type in 
an equal time. 


we 


Space and Cost of 
Rectifier Substations 


Preliminary studies of space and cost 
have been made for several typical sub- 
stations to determine the effect of the 
number and size of rectifier units. Di- 
mensions, characteristics, and estimating 
prices of present-day rectifiers and other 
substation equipment were obtained. 
The studies were made on the basis of the 
following assumed conditions: 


Power supply to be at 13,200 volts, 60 
cycles. Short-circuit current from the 60- 
cycle system to be within the interrupting 
capacity of 500,000-kva circuit breakers on 
the 18,200-volt side of the rectifier trans- 
formers. Direct current to be supplied at 
700 volts. Substations to be nonattended 
and stpervisory controlled. Rectifiers, 
auxiliaries, d-c switching and control equip- 
ment, to be in a brick building. Trans- 
formers and high-voltage switchgear to be 
outdoors. 


Minimum width of substation was 
sought by placing the rectifiers and the 
transformers as close as possible to the 
end walls for connection through wall 
bushings. A narrow substation design 
aids in finding available locations along a 
railroad right of way. This sort of de- 
sign. applies particularly to suburban 
transportation. The space limitations of 
city transit systems often require that all 
equipment be indoors and that trans- 
formers be water-cooled. 
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based were in all cases six-phase rectifier 
assemblies of single-anodetanks. It does 
not appear that the multitank rectifier 
pecsign has caused much change in the 
over-all space requirements of substa- 
‘tions. Comparative figures for several 
sizes and numbers of rectifiers are shown 
in Table I. Comparison of rectifiers of 
the same capacity of different manu- 
facture showed considerable differences 
7 over-all dimensions. Space allow- 
ances were made to take the largest equip- 
‘ment. Final designs for specific equip- 
“tment might produce more compact ar- 
rangements. However, the space econ- 
omy of the 3,000-kw rectifiers as com- 
pared with the 1,000-kw units is appar- 
ent. 

_ Preliminary estimates were made for 
typical substations exclusive of real- 
estate cost. To establish a common basis 
of comparison, a single 60-cycle supply 
feeder and four d-c feeders were used for 
each substation, although the number of 
feeders is apt to be greater in varying 
amounts in case of application to actual 
“power-supply systems. Cost study re- 
sults are shown in Figure 1. 


3 Ratings of Rectifiers 


Rectifier and transformer combinations 
“are manufactured as co-ordinated de- 
signs. Transformers are designed for 
primary voltage as required by the in- 
coming power supply. Increases in 
ptimary-voltage rating affect the cost of 
rectifier transformers by about the same 
"percentages as in the case of power trans- 
_formers. 
The following overload ratings of recti- 
fier and transformer combinations are 
generally accepted: 


Light duty; 100 per cent load continuously, 

followed by 150 per cent load for two hours, 
or 200 per cent load for one minute without 

ie. e 

injury. 

Normal railroad service; 100 per cent load 

continuously, followed by 150 per cent load 

for two hours, or 300 per cent load for one 

minute. 

Heavy-duty main-line service; 100 per cent 

continuously, followed by 150 per cent load 

for two hours, or 300 per cent load for five 

minutes. 


Transformers are not to exceed 60 degrees 
centigrade at the end of the two-hour load 
in these ratings. 


Some instances have been noted in 
operating experience with rectifiers of 
older design where heavy starting-current 
swings lasting 15 to 20 seconds have 
caused arc-back rates to increase. Al- 
though rectifier designers are confident 
that improvements in rectifier design 
have made those of present manufacture 
less affected by load swings, it is recom- 
mended that load curves and expected 


_ The rectifiers on which the studies were 
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Building Floor Space 


Number and Size Width Sa Ft Width Sq Ft 
of and Per and Per 
Rectifier Units Length Sq Ft Kw Length Sq Ft Kw 
1—1,000 kw.......... 24 by 25...... GLTO5 GA B40 OBO, «ee eteie:> Sl by 60sec: S60 vice sieiete 1.86 
2—1,000 kw......500. 24 by 36...... 864 .05:5%0. 0% os OS4 ST sree etacee Sl by 90... DsE OO ws avexe xe 1.40 
38—1,000 kw.......... 24 by 49...... LLG Glare epoeia ave On SOs deve s¢ 31 by 120...... BT 20 Seren acee 1.24 
13000 Kwiicees «ct 24 by 34...... SIGS site. ctalars Ose Tinks exteetacd 3lby 75...... 2S 2B aveleie ciel 0.78 
23,000 kw... cece 24 by 61...... T4046 cri crolsistes ON 2 lenerare arene 31 by 180...... 4030S: 5e) siete = 0.67 


the capacities of rectifiers for new in- 
stallation are being determined. 

Although rectifier groups of 36 or more 
phases have been used on heavy-load con- 
centrations in the electrochemical in- 
dustry, 6-phase and 12-phase rectifiers 
have been used for railroad service. On 
only a few railroad installations has in- 
terference with communication circuits 
required the use of filters. D-c filters are 
relatively inexpensive, filters for the a-c 
supply circuits are expensive. Rectifiers 
of more than 12 phases would seldom be 
justified for railroad service. Six phases 
are favored unless 12 can be shown to be 
necessary. 


Single-Anode and 
Multiple-Anode Rectifiers 


Single-anode rectifier tanks, assembled 
as six-phase rectifiers, have been in opera- 
tion on railroad load of the 650-volt class 
for about five years. Because of lower 
arc-drop, single-anode type rectifiers of 
this class have from one to one and one- 
half per cent better efficiency than those 
of the multianode type. The limited 
amount of railroad experience with single- 
anode rectifiers favors this type for greater 
reliability and less maintenance than the 
multianode type. 

Because of wartime regulations, rail- 
road installations have been restricted 
and therefore railroad experience with 
single-anode rectifiers has been limited. 
Greatest experience with this type has 
been in the electrochemical industry. 
Here, mass production has stimulated de- 
sign improvement of single-anode recti- 
fiers. For new installations on railroad 
load at 700 volts or lower, only the single- 
anode type is likely to be offered although 
many years of efficient and reliable opera- 


DOLLARS PER KILOWATT 


INSTALLED KILOWATTS 


Figure 1. Estimated installed cost of mercury- 
arc rectifier substations, exclusive of real estate 


A. With 1,000-kw units 
B. With 3,000-kw units 
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tion may be expected of those multianode 
rectifiers that are now in use. 

At 1,500 or 3,000 volts the improve- 
ment in efficiency is relatively small for 
single-anode type rectifiers as compared 
with the multianode type. Reduced 
tendency to arc-back, localization of 
trouble and ability to remove a single- 
anode tank are advantages remaining in 
favor of the single-anode type at higher 
voltage. Opinion is general that the 
single-anode type will be extended to 
higher-voltage classes but the degree of 
present development in that direction 
varies. For 3,000-volt service, single- 
anode as well as multianode rectifiers now 
can be furnished. 

Present-day single-anode type rectifiers 
consist of 6 or 12 tanks assembled on an 
insulated structural base with vacuum 
pumps, manifold, and circulating-water - 
pumps common to the assembly. A sepa- 
rate vacuum valve between each tank 
and the manifold permits any tank to be 
removed without loss of vacuum in the 
remaining tanks. It has been found that 
a 12-tank rectifier can be shut down, a 
tank removed, a spare tank installed, and 
the rectifier placed back in operation in 
about one hour. In some cases, depend- 
ing upon the recommendations of the 
manufacturer, a tank may be opened and 
inspected and returned to normal opera- 
tion after the establishment of normal 
vacuum, without the necessity of a bake- 
out. A desirable feature of some designs 
is the use of water-cooling on the connec- 
tion between each tank and the vacuum 
valve that connects it to the manifold 
and on the connection between the mer- 
cury-vapor vacuum pump and the mani- 
fold. Any mercury vapor tending to 
transfer from either the tank or the pump 
condenses and drains back to its respec- 
tive source. 


Sealed Steel-Tube Rectifiers 


Sealed steel-tube single-anode rectifiers, 
being permanently evacuated, require no 
vacuum pumping equipment but are pro- 
vided with water-cooling to maintain the 
proper operating temperature. The tubes 
are assembled in groups of 3, 6, or 12. 
Connections are three-phase or six-phase, 
depending on the capacity. They are 
available as factory-built substations. 
Sealed-tube rectifiers have had increasing 
use in industrial and mining applications, 


TRANSACTIONS 85 


. plicity of these rectifiers, without vacuum 
equipment and in most cases with raw 
_ tap-water_ connections for cooling, has 
recommended them in their main fields 
of application, 

These rectifiers are now available for 
ee 600-volt service in a six-phase assembly 
a for as high as 1,000-kw total capacity. 
_ The simplicity of the sealed tube in the 
- present stage of development is achieved 
_ ata sacrifice of operating life of the tube 
- since the internal pressure gradually in- 
creases because of effects of the arc. On 
_ heavy city transit or suburban service 
__ the present maximum size of 1,000 kw is 
e _. small and tube replacement cost prob- 
ae: _ ably would not compare favorably with 


available. 
However, the possibilities of sealed- 
- tube rectifiers deserve some consideration 
in the case of lighter transit systems. It 
has been suggested that these rectifiers 
have a field of application on 600-volt 
trolley-coach systems requiring small 
power-supply units. Steel cubicles con- 
taining the tubes might be placed out- 
‘doors and provided with heaters and out- 
door cooling equipment for keeping oper- 
ating temperatures within proper limits. 
The cost of such a design, assembled with 
the transformer and the a-c and. d-c 
switching as a unit outdoor substation, in 


ratings up to 1,000 kw, might compare 


favorably with that of conventional 
atrangements of indoor equipment in a 
building. 


Switching Equipment 


Switching equipment on the high- 
voltage side of the rectifier transformers 
is of conventional types. Circuit-breaker 
voltage class and interrupting rating 
are determined by the characteristics of 
the supply system. One high-voltage cir- 
cuit breaker is required for each rectifier 
unit. The number of additional incoming 
feeder circuit breakers depends on con- 
siderations of service continuity and 
over-all system design. Connection of 
each rectifier transformer through a 
single circuit breaker direct to the power- 
supply system may be used to advantage 
where the latter system is sufficiently re- 
liable. The transformer supplying the 
substation and rectifier auxiliaries must 
be connected so that its supply is not in- 
terrupted by opening of the rectifier- 
transformer circuit breaker. When power 
supply is at 13,200 volts or less, outdoor 
metal-clad switchgear makes an effective 
switching arrangement. 

High-speed (one-cycle) air circuit 
breakers between the rectifier cathode 
and the d-c bus are used in 3,000- and 
1,500-volt substations and in many sub- 
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_. the maintenance cost of vacuum-pumped 
6. equipment where skilled personnel is 
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tinuous capacity on a 650-volt bus is less 


than 9,000 amperes but to use high-speed 


switching wherever the capacity on the 
bus is above 9,000 amperes or where syn- 


chronous converters operate in Sees 


with rectifiers on the same bus. 
The choice of high-speed switching for 
the 650-volt rectifier has been widened by 


the development of high-speed air circuit 
_ breakers for connection between rectifier 


anodes and transformer secondary. These 
circuit breakers usually are six-pole, con- 
sisting of six single poles each with indi- 
vidual reverse-current tripping device. 
The six poles operate together as a unit 
on closing. The location of these circuit 
breakers is such that all current contribu- 
tions to an are-back are interrupted by 
the opening of one circuit-breaker pole. 
Tests of these circuit breakers on arc- 
backs have shown that reduction of cur- 


-rent magnitude starts in less than one half 


cycle and that interruption is complete 
inless than one cycle. Previous to the use 
of high-speed anode circuit breakers, al- 
though back feed from the d-c bus to an 
arc-back was interrupted within one 
cycle, the current contributed by other 
phases of the same rectifier was not in- 
terrupted until about eight cycles later by 
the circuit breaker on the high voltage 
side of the transformer. Anode circuit 
breakers have been a product of necessity 
for protection against the possible de- 
structive effects of short circuits in the 
electrochemical industry where the con- 
centrations of current on a single bus are 
many times those encountered in railroad 
service. 

When high-speed anode circuit break- 
ers are wsed, semi-high-speed circuit 
breakers may be used in the cathode con- 
nection. This combination should be 
favorably considered wherever high- 
speed switching is required for rectifiers 
in the 650-volt class. High-speed anode 
circuit breakers afford ideal protection. 

Wherever, in the over-all design of the 
incoming power supply system, it is pos- 
sible to eliminate circuit breakers on the 
high-voltage side of the transformers the 
anode circuit breaker may serve as the 
starting circuit breaker for the rectifier. 


Voltage and Load Control 


The natural unregulated output-volt- 
age curve of the usual transformer and 
rectifier combination is similar to that of 
a shunt generator, drooping about five 
per cent. This characteristic assists in 
division of load between substations 
and has been preferred on a majority of 
installations. Where a flat-compound 
characteristic is desired, it can be ac- 
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font in aes ‘below ‘sie 
value. Both these effects.are | 


used 68 conipoendines ou "hi 

Phase control may be accom ey 
by timing the removal of negative bias 
from a control grid located in the re 
path. In an ignitron type of single- 
anode rectifier employing the saturable-. 
reactor ignition circuit, operation of 
rheostat in a d-c coil circuit changes 
time characteristic of the circuit anc 
controls the timing of rectifier ignition. 
In standard designs a range up to 15 per. 
cent voltage reduction is available by ae 
justment. Circuits can be designed for 
greater than 15 per cent voltage reduc- 
tion but this is not usually advisable oF | 
mecessary. ~ 

Voltage control by the methods de- 
scribed may be accomplished manually 
by a load dispatcher if the control rheo- 
stat is motor-operated through the 
medium of supervisory control. By 
this means, rectifier output voltages: 
may be adjusted for a desired division 
of load between different sources of ae 
supply. 

If automatic regulation is desired, a 
voltage regulator may be used to operate 
the ignition-timing rheostat. The com- 
pounding characteristic may be designed 
for similarity with that of existing com- 
pound-wound apparatus where parallel: 
operation is required. Where automatic 
load limiting is required, the ignition- 
timing rheostat may be put under the 
supervision of an output-current relay so 
as to reduce output voltage as a limiting 
load is approached. This feature may 
serve power-purchase policy in avoid- 
ance of demands above a given limit or it 
may be used to prevent overloading par- 
ticular substations above a set limit. 
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_ Synopsis: 


It is the purpose of this paper 


to examine the need and design of arc- 


Swi 


welding reactors for d-c arc-welding sets. 
The inductance useful in stabilizing welding 


arcs is defined, and methods for calculating 


and measuring this quantity are suggested. 


Further, criteria for designs which make 


most effective use of material are estab- 


‘lished. Fimally, a recent development in 


-teactor design is described. 


EACTORS used in d-c arc-welding 
circuits often have been likened 


“in their action to that of flywheels on 


engines. Both absorb energy during 
periods of unwanted energy surplus and 
release this stored energy to the system 


_ during periods when the energy is low. 


Through this added inertia their re- 
spective systems are stabilized; for, 
whereas the flywheel reduces mechanical 
pulsations, the welding reactor smooths 
fluctuations in current. The presence of 
self-inductance in d-c arc-welding circuits 
is, therefore, highly desirable—it is, in 
fact, often essential to the satisfactory 


operation of single-operator arc-welding 


generators. 
Questions concerning means of pro- 


curing this inductance immediately arise. 


Why are reactors sometimes used, 


whereas at other times they are not? 


Fundamentally, what is the nature of 
welding inductance? How much is re- 


| quired? These questions are important 


to both designers and users of d-c arc- 


welding sets, because their answers are 


reflected in terms of quality of character- 
istics, and compact efficient equipment. 
This paper therefore is concerned not 
only with the application of welding re- 
actors as a means for improving arc 
characteristics, but also with methods 
for arriving at compact efficient designs 
in which the material is used to best 
advantage. Finally, a recent develop- 
ment in arc-welding reactors is described. 


Are Reactors Required? 


A basic consideration confronting the 
designing engineer is whether the re- 
quired amount of self-inductance can be 


incorporated more advantageously in the 


electromagnetic design of the generator, 
or whether an external device is more 


Marcu 1945, VoLUME 64 


practical. The former alternative may 
complicate the design and construction of 
the generator with a resultant increase in 
weight, whereas the latter, of course, re- 
quires that a reactor be used. The al- 
ternative which the designer chooses is 
generally the one resulting in the more 
effective over-all use of electromagnetic 
material and the simpler construction. 
At one time it was standard practice 
to use large welding reactors with most 
generators, but through subsequent re- 


finements in the design of the generators 


and improvements in welding electrodes 
the usual reactor accompanying arc- 
welding generators practically disap- 
peared. 

However, the comparatively recent in- 
troduction and wide application of 3,600- 
rpm welding sets have placed a new em- 
phasis on the use of external reactors, 
because these high-speed generators have 
inherently less self-inductance than 
their 1,800-rpm predecessors of similar 
design. In many cases well-balanced 
designs require the use of external reac- 
tors.. The design of reactors for these 
units merits special attention, for their 
size and weight must bear a favorable 
relationship to that of the rest of the 
equipment. 


The Arc-Welding Reactor 


The essential elements of a welding 
reactor (a coil having N turns, a mag- 
netic core with cross section A and length 
1, and an effective air gap G) are shown 
in Figure 1. A direct current J, estab- 
lishes flux ¢ in the core. This reactor 
supplements a welding generator’s char- 
acteristics through the addition of self- 
inductance to the welding circuit.* 


Nature of Welding Inductance 


It is a characteristic of a d-c are that 
the current fluctuates. about an average 
value and may die out suddenly if there is 


Paper 45-29, recommended by the AIEE committee 
on electric welding for presentation at the AIEE 
winter technical meeting, New York, N. Y., Janu- 
ary 22-26, 1945. Manuscript submitted November 
30, 1944; made available for printing December 11, 
1944, 
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not sufficient stability in the source of 
power. The function of the reactor is to 
oppose these fluctuations through a self- 
induced voltage which is proportional 
to the rate of change of current. This 
voltage also supplements that supplied 
by the generator in establishing a “‘re- 
striking” voltage when the arc tends to 
“pop out.” The inductance useful in 
welding, or ‘‘welding inductance,” should 
be defined in terms of its effectiveness in 
stabilizing changes above and below an 
average current. It should be expressed 
as the rate of change of flux linkages per 
ampere** as in equation 1. ; 


do ~ 


Jb ae 
2D a? enrys (1) 


Welding inductance as defined by this 
equation is a function of current since it 
is influenced to a large extent by satura- 
tion in the magnetic circuit of the reactor. 
It is a quantity, however, which may be 
readily calculated in the manner to be de- 
scribed. 


Calculation of Welding Inductance 


Welding inductance may be calculated 
directly from the saturation curve for a 
given reactor as indicated in Figure 2. 
For any assumed value of current the in- 
ductance is proportional to the slope of 
the saturation curve as indicated. Figure 
3 shows the welding-inductance charac- 
teristic calculated ‘from the saturation 
curve in Figure 2. 

In this method of calculation, as well 
as in the analysis of reactor-design con- 


* There is a second type of separate electro- 
magnetic device, sometimes called a ‘‘d-c trans- 
former,’’ whose elements are the same as those of 
a reactor, except that a second winding, connected 
in series with the generator’s shunt field, is added. 
Its function is to apply, through mutual coupling, 
a forcing voltage on the shunt field of the generator 
which is proportional to the rate of change of weld- 
ing current. Asa result, the inductance it adds to 
the welding circuit is relatively low, for the apparent 
inductance of its series coil is proportional to its 
leakage flux. The ‘‘d-c transformer,’’ therefore, 
serves principally to improve the dynamic charac- 
teristics of the generator with which it is used, rather 
than add to the stored energy in the welding circuit. 
Designs often are modified for the purpose of in- 
creasing the leakage flux in order to increase the 
effective series inductance. 

The transforming reactor, so called because it 
performs the functions of a ‘‘d-c transformer” and 
a reactor, is designed with a separate magnetic path 
for the leakage flux. See reference 1. Whether a 
d-c transformer or transforming reactor is used 
depends largely on the inherent dynamic charac- 
teristics of the generator and its inherent self- 
inductance. 


** Inductance of coils having iron cores may be 
variously defined, depending on the basic concept 
of this quantity. It has also been evaluated in 
terms of total stored energy and total flux linkages 
per ampete. See reference 2. 
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; - Figure 41. 


Essential elements of an arc- 
_. welding reactor 


siderations which follows, the effects of 


hysteresis and eddy currents on welding 
inductance are assumed to be insignifi- 


cant. It has been found from experience 


that in many applications these factors 
truly can be neglected, because conven- 
tional welding-reactor designs have lami- 
nated cores, their air gaps are relatively 
large, and frequencies associated with 


the rate of change of flux are fairly low. 


as 


~ 


However, the effects of ‘“‘stray” flux on 
welding inductance may be appreciable 
and should be calculated. Here, “stray” 
flux is defined as that flux which is estab- 
lished by the coil but does not pass 
across the air gap of the magnetic circuit. 
Its paths may lie in the window which 
accommodates the coil or through parallel 
magnetic paths near the coil. 


Measurement of Welding 
Inductance 


A straightforward method for measur- 
ing welding inductance, and one which 
gives good qualitative values, lies in re- 
cording the voltage induced in the reactor 
winding by current surges from the gen- 
erator itself. This is easily accomplished 
in practice by means of a search coil* 
wound between reactor turns. 
search-coil winding should assume, inso- 


far as possible, the same space occupied 
by the reactor winding in order to include 


the effects of stray flux on inductance. 


If the number of search-coil turns is the 
same as the number of reactor turns, the 
welding inductance may be calculated 
directly from an oscillogram by dividing 
instantaneous values of search-coil volt- 


age, Es, by the rate of change of cur- 
rent.** 


eet Be 
ule a se (2) 


Figure 4 shows data plotted from a 
representative oscillogram taken on a 
sample reactor (Figure 2) when the 


* The oscillograph element may be connected 
directly across the reactor winding and the induced 


voltage determined by subtracting instantaneous 


values of JR drop. 


** A second method for determining welding in- 
ductance experimentally lies in superimposing a 
small alternating current on various values of direct 
magnetizing current. The a-c inductance so meas- 
ured is ‘‘the welding inductance.’’ The oscillo- 
graph method is generally to be preferred, however, 
for the latter usually presents circuit problems. 
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is shown i in ene 3 ( 
the characteristic c: 
saturation curve. 


ance characteristics agree very well up to 
the point where the reactor core saturates. 
Thereafter the test inductance is appre- 
ciably higher. The reason for this ap- 
parent discrepancy is that this particular 
reactor had a parallel magnetic path for 
stray flux, the effects of which are not in- 
cluded in the saturation curve. 


Determination of Welding- 
Inductance Requirements 


The necessary amount of welding in- 
ductance in a reactor to be designed for 
a given generator is best determined from 
actual welding tests. These tests are con- 
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Figure 2. Saturation curve of a representative 
reactor showing method of calculating welding 
inductance 


ducted at all practical welding currents 
within the range of the generator using 
various types of electrodes. Welding- 
inductance requirements may be deter- 
mined by inserting a laboratory reactor 
in the circuit and adjusting its induct- 
ance to whatever amount may be re- 
quired for satisfactory welding character- 
istics at each value of welding current. 
The inductance characteristic of the 
laboratory reactor should, of course, be 
substantially uneffected by saturation 
for the range of currents used. 

These tests provide welding-inductance 
values required as indicated by points 1, 
2, 3, and so on, in Figure 5. In this par- 
ticular example, it is noted that point 5 
defines the required inductance L,,’, at a 
limiting welding current J,,’. These are 
the values of inductance and average 
welding current about which a reactor 
should be designed for satisfactory over- 
all welding performance. There is, how- 
ever, a steady current J’, somewhat 
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It will a eae * 
‘the test and calculated welding-induct- — 


ed to 
‘millihenrys inductance (Lu’ “ at 


large measure upon each other, for 


anes a be de 


ing steady current of 190. sro 
indicated in Figure 5. ” 
The following analysis is ar 
design requirements for - compact ie 
art-welding reactors, based on the pe 
fication that a known value of weld 
inductance is required at a limiting st 
current. : ; 


Design of Weldine Ronciors | 


The design of coils and of momea 
cuits for series reactors is contingent in | 
t 


mechanical configuration of one a 
that of the other. The coil design, f 

example is dependent upon the cr 
sectional area of the core and the numbe 
of ampere turns specified by the pee 
circuit. Other factors, such as degree 

ventilation, heat-dissipating ability — fe 
the type of winding used, type of insule 


. tion, and duty cycle | for which the coil i 


intended, fix its design when the current 
turns, and dimensions of the core at 
known. 

In general, welding inductance may b 
expressed by the equation, , 
3.1924 


Lo= - 


. 
xf (I, 6/1). 10-8 henrys c 


in which f(Z, G/l) is an expression for th 
shape of the inductance characteristic 
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Figure 3. 
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Welding-inductance characterist 


ae a0: S Py * 
Curve “calc.” is from saturation curve, Figure: 
Curve “‘test’’ is from oscillogram, Figure 4 


It varies from almost 1.0 for small value 
of current to practically zero for ver 
large currents. It is immediately ay 
parent that there is an infinite number « 
combinations of N, A, and G (and 
which will give a desired value of weldin 
inductance at a required limiting curren 
But relatively few designs will accon 
plish this end without some extravagan 


ELECTRICAL ENGINEERIN 


igure v4: Plot of feurrent and search-coil 
voltage from oscillogram of open-circuit to 
s ort-circuit test, showing method for deter- 
mining welding inductance 


in the use of electromagnetic material. 
ich a waste would be without advantage 
o either the designer or the user. 

3 The general problem of design, there- 
fore, is to find not so much some combina- 
tion of materials which will give the de- 
“sired characteristics as certain specific 
combinations in which the materials are 
‘used most effectively for obtaining those 
aracteristics. For the former method 
o approach is little more than a process 
of trial and error, whereas the latter is 
“synthesis of design leading to compact 
efficient apparatus in which unused and 
unuseful material is eliminated. .Through 
“synthesis the product is ‘‘tailored” to the 
-Tequirements of the user. 


2 


~~ Now, in welding reactors the perform- 
ance requirements are that the useful 
amount of inductance, L,,’ shall be ob- 


tainable at a limiting current, J’. For 
“most effective use of materials these 
values should be obtained at a point on 
the reactor characteristic where the maxi- 
“mum energy useful for welding is avail- 
able. Just as welding inductance re- 
quires specific definition, the energy as- 


sociated with this inductance must be - 


defined in terms of its stabilizing influence 
‘on fluctuations above and below an aver- 
age welding current. This means that 
the energy useful in welding is actually in- 
cremental energy—the rate of change of 
energy per ampere. An expression for 
incremental energy dW/dI, may be deter- 
mined in the following manner. 

Energy stored in magnetic circuits is 
defined as 


= JS EI dt joules 
Since 


dI 
re — i, it (from equation 2) 


then 


aw . 
pay Lol joules per ampere 


(4) 


For most effective use of materials the 
maximum incremental energy should oc- 
cur at the limiting values of inductance 


and current, or 
aw 
dI max. 


(5) 


=L,,’I' joules per ampere 
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y in iets 6, in which P 
ypu 

ic and p is the incremental-energy 
characteristic as determined from equa- 
tion 4. Curves Q and R are the induct- 


| ance characteristics for the same reactor 
_ showing, respectively, the effects of in- | 


creasing and decreasing the air gap 15 per 
cent. From these curves it is apparent 
that a change of air gap in either direction 
results in the loss of welding inductance 


at J’ with a consequent sacrifice in weld- 


ing characteristics at this current. This 
loss results from the occurrence of the 
maximum incremental energy at some 
current other than J’ (see curves of g and 
r), even though the value of maximum 


incremental energy is substantially un-- 


affected by changes in air gap. 

It is apparent from this analysis that 
there are specific relationships between 
turns, core dimensions, and air gap for 
the most effective use of material. A 
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Figure 5. Method for determining welding- 
inductance requirements from welding tests 


Ly’ is limiting welding inductance, hw’ limiting 
average welding current, and !’ limiting steady 
current 


departure from these relationships results 
in a sacrifice in performance or an in- 
effective use of materials. There are, of 
course, many possible variations in syn- 
thesized designs to meet a specified per- 
formance characteristic. Each has a dif- 
ferent number of turns and different core 
dimensions. For example, one has the 
fewest number of turns and another the 
lowest weight, but the material in each is 
used most effectively when the maximum 
welding energy available is obtained at 
the limiting performance requirements. 
From this range of possibilities the de- 
signer chooses one which is best adapted 
to the welding generator. 


A New Arc-Welding Reactor 


A new arc-welding reactor embodying 
the principles of most effective use of 
materials has a unique feature which im- 
proves the transient characteristics of 
the welding generator. This reactor, 
consisting solely of a U-shaped core and a 
winding, is mounted on the generator in 
such a manner that the magnet frame 
completes its magnetic circuit. In 
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ical welding-inductance charac- 


Figures 7 and 8 i it. is Showin in 
tion with a Bergman split-pole welding 
_-generator. 


of flux in the machine at open circuit. 


It is noted that the magnet frame flux : for 
this condition is confined principally to 


the top and bottom quadrants. But 


when current is caused to flow from the © 
generator, the flux in these sections is 
transferred to the right and left quad- ; 


rants. This exchange of flux p progresses 
until, at short circuit, the generator flux 


in the magnet frame is confined prin-— 


combina- nn 


a 
in] 


. re 


Figure 7 shows the decerad distribution tare 


cipally to the right and left quadrants as 


shown in Figure 8. 


During sudden © 


changes in current, it is normally neces- 
sary for the generator to supply energy | 


for accomplishing this pee of 
flux. 

The flux established by the reactor, on 
the other hand, increases from zero at no 
load to a maximum at short circuit. It 
thus serves to maintain substantially 
constant flux in the section of frame 


spanned by the reactor core, eliminating 


the energy normally required to change 
the flux in this section. The transient 
response of the generator is thereby im- 
proved proportionately. 

A second benefit from this arrangement 
is the saving in space and weight made 
possible, through the elimination of a 
large section of the reactor core. 


Thus, while-its prime function is to. 


supply welding inductance, this reactor is 
integrated with the welding generator in 
such a manner that its transient charac- 
teristics are improved, and smaller lighter- 
weight designs are made possible. 


Conclusion 


The desirability of self-inductance in d-c 
arc-welding circuits has been established 
through long experience. Although im- 
provements in generator design have 
made it practical to include the required 
inductance in the electromagnetic mate- 
rial of the generator, the recent trend 
toward smaller lighter-weight 3,600-rpm 
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Figure 6. Welding-inductance and incre- 
mental-energy characteristics (curves P and 
Pp), showing effects of increasing the effective 
air gap 15 per cent (curves Q and q), and 
effects of decreasing the effective air gap 
15 per cent (curves R and r) 
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Organo-Silicon Compounds for Insulating 


Electric Machines 


T. A. KAUPPI 


ASSOCIATE AIEE 


Synopsis: The general problem of elec- 
trical insulation is reviewed in relation to 
silicone insulating materials. Silicone com- 
pounds are described and their chemical 
and physical characteristics discussed. Ther- 
mal stability and moisture resistance of 
silicone insulation are compared to that of 
conventional class-A and class- B insulation. 
Predictions are made as to the field of use- 
fulness of silicones in electrical insulation. 
' Recommendations are made for widespread 
investigation to evaluate the over-all ad- 
vantages of this new type of insulation. 


HE aging of insulating materials is an 

important factor in the life of electric 
machines, It is the organic components 
which age and therefore the deterioration 
of class-B insulation is largely deter- 
mined by the bonds and varnish rather 
than by the inorganic components, which 
have indefinite life. Arnold and Frost! 
indicate that insulating varnish is the 
most important factor from the stand- 
point of insulation aging. The permis- 
sible operating temperature limits? imply 
this as they permit only a 20-degree- 
centigrade increase in observable tem- 
perature for class B over class A when in- 


G. L. MOSES 


MEMBER AIEE 


organic materials such as mica, asbestos, 
and fiber glass are used fn. combination 


‘with -organic resins. 


Very early in the development of 
electric machinery the relation between 
the life of machine insulation and the 
operating temperature was recognized. 
In 1898 discussions of this occurred in 
meetings of the AIEE.® 
and Steinmetz‘ said, ‘‘The problem of 
permissible temperature limits in electric 
apparatus is largely that of durability 
of the insulation” and proposed the idea 
of a curve expressing the life of insulation. 
Subsequent studies of the aging of in- 
sulation modified opinions as to the shape 
of the life curve and Montsinger® sug- 
gested a general law for insulation life. 
An investigation reported by Scott and 
Thompson® showed that the mechanical 
durability of class A insulation is a func- 
tion of temperature aging. Their results 
correlate the law suggested by Mont- 
singer® in the range of 135 to 200 degrees 
centigrade where they report that on two 
different types of class-A windings a 
temperature increment of 10 to 11 degrees 
centigrade reduced the time to failure to 
half. 


welding sets has placed a new emphasis 
on the desirability of external reactors. 
There is a particular kind of inductance, 
termed ‘welding inductance’ in this 
paper, which is effective in producing de- 
sired welding characteristics. This in- 
ductance, defined as the rate of change of 
flux linkages per change in current, may 
be calculated by graphical means and 
measured from oscillographic tests. 
Through study of performance require- 
ments and the function of inductance in 
stabilizing welding arcs, synthesized re- 


Figures 7 and 8. New arc-welding reactor 

mounted on Bergmans plit-pole generator show- 

ing flux conditions for open circuit (Figure 7, 
left) and short circuit (Figure 8, right) 
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actor designs take full advantage of elec- 
tromagnetic material. They are thus 
“tailored” to the requirements of the 
user through the elimination of unused 
and unuseful weight. 


Nomenclature 


Ly» =welding inductance, henrys 
I=current, amperes 
¢ =flux, webers 
t=time, seconds 
E;=search-coil voltage (at time #), volts 
W=energy, joules 
N=number of turns 
A =area of magnetic circuit, square inches 
1=length of magnetic circuit, inches 
G=effective air gap, inches 
area of magnetic circuit 


=air gapX - : 
effective area of air gap 
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These early studies and most subs 
quent investigations of the life of insula- 
tion were based on the mechanical dura 
bility of insulation. However, they did 
not emphasize the fact that the th l 
behavior of insulation is doubly impor- 
tant because of the effect of aging on mois- 
ture resistance. The term “insulation 
life’ implies that after a certain period of 
aging the useful life of the insulation is: 
expended or that there is a fairly definite | 
end point. However, life is a variable 
thing and it is preferable to consider 
that the actual value of insulation life 
in the laboratory depends on the tests or 
criteria used to determine the end point. 
Likewise, service conditions determine 
the life in normal operation. The use 
of very severe tests, or severe operating 
conditions, will result in a minimum life. 
which may be only a fraction of the maxi- 
mum-life end point obtained by less” 
rigorous conditions. Since one of the) 
most important functions of an insulating | 
varnish is to exclude moisture from the 
electric windings, it is the opinion of the 
authors that minimum life of a varnish | 
film may be taken as the point at which a 
hazardous reduction in moisture resist- 
ance occurs. ert | 

This general line of reasoning has been 

applied to the development and evalua- 
tion of a totally new group of insulating 
varnishes, known as silicones. The first 
silicone varnishes made in the laboratory - 
exhibited remarkable heat stability and 
waterproofness- when compared to or- 
ganic varnishes. However, it was found 
necessary to modify the original resins to 
suit them to the handling requirements of 
electric-machinery manufacture, and to 
develop new silicone resins for use in dif- 
ferent types of insulation. In this de- 
velopment it was imperative to retain the 
heat stability and moistureproofness of 
the original silicones, and therefore it was 
necessary to have tests which would 
evaluate these properties. , 
' It is the purpose of this paper to give a 
brief account of the development of the 
materials known as silicones, a descrip- 
tion of their properties as applied to 
electrical insulating problems, and a report 
on some of the results obtained to date 
and on the work now in progress. 


Development of Silicones 


Silicones as a new class of high poly- 
meric materials’ resulted from funda- 
mental research in the field of polymer 
chemistry bounded by the glasses and 
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aS cae are ‘derived Ltrs sand, brine, 


However, like certain of the organic high 
polymers which are said to come from 
“coal, air, and water, their synthesis in- 
volves : a number of steps and a consider- 
able amount of industrial and chemical 
technology as indicated in Figure 1. 
Sand provides the source of silicon and 
hen heated with coke from coal and 
chlorine from brine, forms silicon tetra- 
hloride. Organic chlorides, made from 
ydrocarbons derived from coal and oil 
y treatment with chlorine from brine 
are attached to silicon through the use of 
magnesium metal, also from brine. This 
_ reaction® replaces one or more chlorine 
atoms in silicon tetrachloride with a 
» hydrocarbon radical as shown in Figure 1 
to produce a variety of organo-silicon 
‘chlorides. These are then treated with 
water to remove all the chlorine and by- 
product magnesium chloride. The silan- 
‘ols so formed condense with each other 
_ to build up large molecules in a manner 
similar to the hardening of a silicic acid 
gel or the setting of a phenol-formalde- 
hyde resin. 


a Liquid Silicones. 


One of the first groups of silicone poly- 
- mers to reach commercial production was 
‘the liquid silicones. Several families of 
_ these silicone fluids are now available in a 
wide range of viscosities. They are 
_ characterized in general by the properties 
| of low change of viscosity with tempera- 
ture, low freezing point, unusual inert- 
ness, and stability to heat. The silicone 
fluids are finding application as gauge 
liquids, damping fluids, and in various 
hydraulic applications. An interesting 
_ application is the use of a dilute solution 
_ of silicone fluid for treating ceramic sur- 
faces to render them water repellent. 
Liquid silicones fall into two groups 
based on the range of viscosity and serv- 
ice temperature to be covered. Fluids 
for use down to —55 degrees centigrade 
and below are listed in Table I for one 
type covering viscosity grades up to 100 
- centistokes. The viscosity grades above 
20 centistokes are nonvolatile and useful 
as liquid dielectrics. Their temperature 
coefficient of viscosity is very low. Fluids 
for use down to —40 degrees centigrade 
and up to 200 degrees centigrade are listed 
in Table II for another type of fluid sili- 
cones covering viscosity grades from 100 


ron 
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Fesal: and Oil as ultimate-source materials. 


, Siquid aicheas in Tables ad tr ae 
_ further characterized by their heat sta- 
bility, their general inertness, and oxida- 


tion resistance. They are noncorrosive 
to metals and are nonsolvents for rubber, 


synthetics, and other organic plastics. — 


Their flash points are considerably higher 
than petroleum oils of equivalent vis- 
cosity and they will burn, when once 
ignited, to form silica, carbon dioxide, 
and water. Their surface tension is low, 
about 20 dynes per centimeter, and they 
readily wet clean, dry surfaces of glass, 
ceramics, and metals, making them water 
tepellent. They are insoluble in water, 
and are wnaffected by water, dilute 
acids, or salt solutions. They are soluble 
in most organic solvents including carbon 
tetrachloride and aromatic naphthas, 


but are insoluble in alcohol and acetone. — 


The dielectric constants of the non- 
volatile types of the silicone fluids listed 


range from 2.7 to 2.8 at room tem- 


perature depending on the viscosity’ 
grade. The dielectric constant of these 
fluids decreases with increase in tem- 
perature. The change is about that which 
would be expected from the expansion 
data from TablesI and II. The dielectric 
constant of liquid silicones changes very 
little with frequency as shown in Table 
III. The power factors of these fluids are 
unusually low, being Jess than 0.0001 at 
ordinary frequencies. They do not in- 
crease appreciably with increased fre- 
quency up to 10’ and 108 cycles as the 
data of Table III show. At higher fre- 
quencies, there is evidence of a more 
rapid rise in power factor. The power 
factor increases with temperature but re- 
mains lower than a typical transformer 
oil. Their dielectric strength at 60 
cycles is 250-300 volts per mil at 100 
mils. Their volume resistivity is in the 
order of 10!4 and does not drop below 
1012 at 200 degrees centigrade. The 
low dissipation factors of these liquid 
silicones at elevated temperatures or at 
high frequencies and their inertness to 
moisture indicate them for use in liquid- 
filled capacitors. 


Silicone Greases 


A translucent silicone grease having a 
consistency like petroleum jelly has been 
developed for use as a lubricant for ignition 
cables to reduce corona cutting of the 
insulation and permit easy wiring of igni- 
tion harnesses. It is stable to heat and 
retains the consistency of a soft grease from 
—40 to 200 degrees centigrade. Although 
it is a soft grease in appearance, it has 
the unusual property of not melting on 
exposure to heat. This material also is 
inert and oxidation resistant. It has no 
solvent effect upon synthetic insulations 
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Figure 1. 
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Vepat r 4 
The general chemical processes — 
for the formation of silicones from sand, brine, 


coal, and oil 


or rubber, and tends to prevent the hard-— : 
ening of these materials when heated in 
contact with air. ; 
Other greases under development are 
being used for lubricating ball and roller — 
bearings. One type can be used at tem- 
peratures as low as —60 degrees Fahren- 
heit and has high-temperature stability 
at least as good as the best available or- 
ganic greases. Another type of silicone 
lubricating grease is showing stability 
in ball bearings several times as great as 
organic greases at the same temperature. 


Silicone Resins 


Silicone resins are available in two prin- 
cipal types. The first is the insulating- 
varnish type, which is comparable in 
physical properties to organic oleoresin- 
ous varnishes. The baking temperatures 
required to cure the currently available 
silicone varnishes are sufficiently high 
(200-250 degrees centigrade) to prohibit 
their use on organic materials; whereas 
organic varnishes may be used to coat 
cotton, paper, silk, or wood, silicone 
varnishes must be used with inorganic 
materials, such as glass fiber, asbestos, 
mica, or ceramics. The silicone varnish 
is used to coat glass-served magnet wire 
and fiber-glass cloth, and is used as a 
binder for building up flexible mica-glass 
laminated sheet. It is also used as the 
final impregnating and coating varnish 
to bind together the individual machine 
components and waterproof the complete 
assembly, 

The second type of silicone resin cor- 
responds in general behavior to the or- 
ganic thermosetting resins normally used 
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ritg take rigid laminated insulating parts. 


_ These more recently developed thermo- of the silicone resin. 


ae setting silicone resins are being used to 


structures, and to impregnate special coils 
- requiring hardness and rigidity. - 
These two types of silicone resin pro- 
vide the means for constructing electric 
machines which contain no organic ma- 
terials. The thermal limitations of the 
complete insulation may be raised to 
’ such an extent that thermal aging of the 
insulation can be ignored in the design 
process. 
aging will then ordinarily establish the 
_ normal operating temperature of the 
' machine at a point well below the tem- 
peratures which could be permitted if 
silicone insulation were used. 


Typical Material Tests 


Numerous laboratory tests have been 
-made comparing the thermal endurance 
of silicone resins with many of the organic 
resins. 
flexing life on metal panels. This test 
corresponds to the ASTM “‘heat endur- 
ance” test for varnishes? except that 
elevated temperatures are used. For the 
tests reported a film 0.002 inch thick is 
coated on each side of an aluminum panel 
0.005 inch thick. After, aging at tem- 
perature, the end point is determined by 
bending around a definite mandrel (one- 
eighth inch diameter is standard). 

The results of a series of tests to de- 
termine the flexibility life for a silicone 
resin and for one of the better organic 
synthetic resin (phenolic alkyd) var- 
nishes are shown in Figure 2. These 
tests clearly indicate the different order 


ae 
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4 bond fibrous glass and asbestos laminated 


Factors other than insulation . 


The most common test is for 


of magnitude of the thermal endurance 


It is of particu- 
lar interest to note the tests indicate 
that the life follows the general form of © 
law suggested by Montsinger.5 This is of 
considerable significance if it can be 
demonstrated that the life of insulation 


on apparatus follows the same law over a 


wide spread in temperature as it will per- 
mit extrapolation of highly accelerated 
thermal-aging-test data. 


Tests on Stator Coils 


: } 

Tests on sample a-c stator coils show 
comparable results to those on materials 
and varnish films. 
tests compares standard class-B stator 
coils and similar silicone-insulated coils 
which are identical in all respects except 
the bonding resins, impregnating varnish, 
and surface film. The coils use glass- 
insulated wire, glass-backed mica wrapper 
on the slot section, glass-backed mica 
tape on the diamonds, and are taped all 
over with glass tape. In the series of 
tests reported in Figure 3 the moisture 
resistance of the two groups of coils is 
compared during aging at 200 degrees 
centigrade in air. The initial insulation 
resistances as well as the values after 
aging were determined with the coils half 
immersed in tap water. The values 
were all measured with a 500-volt d-c 
megohm bridge one minute after voltage 
application after one hour in water. The 
curve clearly indicates the considerable 
improvement obtained in thermal en- 
durance of the moisture resistance 
through the substitution of silicone resins 
for high-grade phenolic-alkyd resins. 
The difference in the initial insulation 
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Figure 2. Comparison of the heat endur- — 
ance of organic and silicone varnishes ; | 
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Aging to the point of flexing failure is shown | 
on aluminum panels for several temperatures - i 


having high-temperature silicone insula- 
tion. These tests were drawn up by a — 
group of engineers representing several — 
companies interested inthis development. M 
The primary yardstick used in these tests _ 
is the moistureproofness of the insula-— 
tion. The equipment and procedure for . 
these humidity tests are detailed in the 
appendix. Windings are exposed to hu- 
midity (usually for 24 hours) to deter- 
mine their resistance to moisture both — 
initially as a bench mark and after some 
degree of accelerated aging or other 
damaging test. 

To establish the initial condition for a 
bench mark the windings are humidified 
by this method for 24 hours and the in- 
sulation resistance is then measured be- 
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_ temperature by resistance. 
x are now underway by several investi- 
- gators comparing silicone and standard 


sj 
é 


a 


- Finally, the machine is operated 
aan voltage with no load, for five 


‘durance it has been recommended that 
motors be operated at 240 degrees centi- 


_ winding. The motor should be shut 
_ down at least once a day to permit ther- 
“mal cycling. At periods of 200 hours 
elapsed time (at temperature) the hu- 
_ midity test should be made to include 
_ taking insulation resistance data, five- 
_ minute high-potential test, and five- 
_ minute no-load run. Where similar tests 
are to be made at different temperatures 
_to explore the slope of the temperature- 
aging curve, it is suggested that the length 
of the running period between humidity 
' tests be halved for each 12-degree centi- 

grade increase or doubled for each 12- 

degree centigrade decrease in observed 
Such tests 


insulations. It is suggested by the au- 
thors that experimental data from these 
- tests be discussed before the Institute as 
the data become available to permit 
rapid evaluation of silicone types of in- 
sulation. 


Conclusions 


It is important to recognize that the 
-use of silicone resins in electrical in- 
sulation need not represent any radical 
departures from well-established prac- 
tices. Inorganic components of high- 
temperature insulation have long been 
available and their characteristics proved. 
It was the organic bonds, impregnants, 
and surface treatments which limited the 
thermal endurance of composite insula- 
tion containing mica, asbestos, and fi- 
* prous glass. References made in this 
paper to silicone insulation imply the 
substitution of silicone resins for all the 
organic resins in the better grades of 
- class-B insulation and do not refer to 
the use of silicone resins as mica sub- 
stitutes in any way. 

Innumerable tests in the laboratory 
and over 50 years of service experience 
have demonstrated that thermal aging is 
the most important single factor in in- 
sulation life. Only after such aging oc- 
curs does good insulation become vul- 
nerable to the other ills which plague it. 
Differences in the thermal endurance of 
various types of insulation have been 
clearly demonstrated to be a function of 
the stability of their essential compo- 
nents. Therefore, the recent develop- 
ment of silicone resins promises great 

improvement in thermal stability of in- 
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grade as observed by resistance of the 


"< 


Beis a " damaging test of ‘thermal en- 


Dielectric. Pragartet: of Typical 
ue Dow Corning Silicone Fluids yf 


3 Centistokes, , 


350 Centistokes, 
Type 500 


- Type 200 


Frequency, Dielectric. Power Dielectric ‘Power 


Cycles Constant Factor Constant Factor 
LO* Hate. ce 2420-0001. . «seein. .,.0.0001 
TOS. cpatcors 2.41 ...0.0001....2.73....0.0001 

fy LOC. a 2.405...0.0002....2.72....0.0002 
107.......2.40 ...0.0002....2.71....0.0002 
108 ccnccts 2.39 


...0.0002....2.70....0.0006 


sulation for electric machines as it ‘im- 
proves the weakest link in the insulation 
system. This improvement properly 
utilized by designers can be a great asset 
to the industry. There is no point in 
increasing operating temperature unless 
some useful economic purpose is served, 


but where electric machinery must oper- - 


ate at elevated temperatures’ silicone 


‘resins and high-temperature insulation 


offer a solution to a previously unsolved 
problem. 

Silicone resins have been demonstrated 
to have thermal stability far beyond 
that of the best of the conventional or- 
ganic materials. It therefore appears 
timely to re-examine the thermal en- 
durance requirements for insulation of 
electric machinery, to evaluate the pos- 
sibile advantages from the use of these 
more heat-resistant materials, and to 
seek means for utilizing them for the 
improvement of electric machinery where 
their use is justified. These general 
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Figure 3. Comparison of the moisture 


resistance of class-B and _ silicone-treated 
insulations on typical a-c generator coils 
during aging at 200 degrees centigrade 


Insulation resistance values were taken after 
one hour immersion in tap water for each 
point 
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and Procedure for Standardized — 


Humidity Test Bove, 


Equipment 


The apparatus to be tested is pncloscHe in = 


a suitable box or moisture-vapor barrier so 


phere. The top should be slanting or peaked 


A 
‘ 


that it is within the high-humidity atmos- Wr 


7 


(or otherwise arranged) so that condensate 


. does not drip on the winding. Itis desirable. 


that the sides of the box have thermal insu- _ 


lation and that the top of the box be un-— 


‘insulated. An open pan of water within the 


enclosure is heated electrically to humidify — 


the enclosed air. 


Procedure 


The relative humidity is maintained at, 
100 per cent by heating the open pan of 


water within the enclosure to five or ten © 
degrees centigrade above the ambient air 
temperature in the enclosure. Thisshould be 
sufficient to produce minute droplet con- 


densate on the frame and insulation surfaces — 


of the apparatus. However, it must not - 
produce sufficiently severe condensation to 
form puddles or streams, of water on the 
insulation. The test’equipment should pref- 
erably be located in a room whose ambient 
temperature is between 25 and 30 degrees « 
centigrade. Apparatus not open for the © 
free circulation of air must have one end 
bracket removed to permit free access of the 
humidified air to all parts of the winding. 
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‘ratus. Meetical Ue tamns ceoarine the 
e of these materials are discussed and 
recommendations made for obtaining an 
adequate ~ high-temperature insulation. 
Thermal aging tests are reported and 
; _ recommendations made as to tentative 
‘temperature limits for general rating and 
application purposes. 
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HE thermal endurance of insulation 
has long been recognized as an impor- 
tant limiting factor in electric-machine 
design. The investigations of numerous 
 engineers!? and the electrical-industry 
standards have clearly indicated that 
‘operating temperature is the determining 
factor for insulation thermal endurance 
- and is, therefore, the primary basis for 
establishing general machine ratings. It 


must be recognized, however, that there | 


are frequently other design considerations 
___ which outweigh temperature limitation. _ 
_» . The advent of silicone resins is an im- 
portant milestone in insulation develop- 
ment as these resins in combination with 
inorganic insulations such as mica, as- 
bestos, and fiber glass have unusually 
high thermal endurance. It appears that 
designers may utilize this excellent tem- 
_ perature resistance in three important 
ways, when permitted by AIEE Stand- 

Pee ards? 


1. To reduce size and weight of some 
apparatus through increase in operating 
temperature. 


2. To permit operation in a high ambient 
temperature. 


38. To obtain increased insulation service 
life or reliability where it is desired to main- 
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Baratite: 
Silicono-Resin Development = 


Recent developments have made pos- 
sible the production of a new class of ma- 


terials known as silicones having certain — 


unusual properties which are of vital in- 
terest to the electrical industry. Some 


silicone materials have physical proper- 


ties which are comparable to conventional 
organic materials such as varnishes, oils, 
greases, plastic resins, and film-forming 
materials. They are, however, character- 
ized by a chemical structure in which sili- 
con takes the place of carbon in certain 
portions of the molecule. They have me- 
chanical and electrical stability when ex- 
posed to elevated temperature. Based 
upon recent work by the Dow Corning 
Corporation, it is now apparent that the 
silicone materials can be produced so 
that they duplicate many of the better 
known organic materials with respect to 
most physical properties. Silicones can 
be ‘‘tailor made” for specific applications 
in the same way that organic compounds 
have been developed in the past. Since 
the unusual temperature resistance 
of these materials is of interest to elec- 
trical designers for reasons which will be 
discussed subsequently, a review of pres- 
ent experimental data tending to show 
this unusual thermal stability is in order. 


Material Tests 

One of the simplest tests which can be 
made is to dip a piece of fiber-glass cloth 
into a conventional organic varnish and 
another piece into a silicone insulating 
varnish and then to place the two speci- 
mens in an oven at some elevated tempera- 
ture for a definite period of time. Fig- 
ure 1 shows two samples of fiber-glass 
cloth, one of which was treated in a con- 
ventional phenolic-alkyd varnish which is 
used for the treatment of class B appara- 
tus; the other sample was treated in Dow 
Corning 993 silicone varnish. These 
samples were aged at 250 degrees centi- 
grade. In the unaged condition there is 
very little difference in the mechanical 
properties of the two samples. They are 
both good electrical insulators, are not 
seriously affected by immersion in trans- 
former oil, and are quite moisture resist- 
ant. After only two hours’ aging, the 
sample which was treated in organic var- 
nish was seriously affected and after 20 
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shuts the chaste ASI 
conventional Speke 


roughly to a 14 per cent elongation « of the 
film. It is of interest to examine the rate 
at which the maximum elongation for 
failure changes with time and tempera- 
ture. Figure 3 gives the percentage elon- 
gation for failure ont he modified ASTM 
flexing life test plotted against the num- 

ber of hours aging. At 200 degrees cent 
grade a good phenolic-alkyd organic var- 
nish will last about two hours before fail- 

ure occurs at 14° per cent elongation. One 
silicone varnish under the same condition 

will last about 1,000 hours. At seven per 
cent elongation and 200 degrees centi- 
grade the organic varnish will last about 
40 hours while the silicone varnish will 
last about 1,500 hours. These data indi- 
cate that at the same temperature, the 
silicone varnish may last from 40 to 500° 
times as long as an organic varnish. 

A very sensitive test on the relative 
thermal stability of two materials can be 
made by coating copper wire with the 
resins and making elongation tests at 
periodic intervals after aging at elevated 
temperature. Figure 4 gives a detailed 
comparison between a wire enameled with 
an oleoresinous varnish, a synthetic or- 
ganic resin enamel, and one of the silicone 
insulating varnishes. At 150 degrees 
centigrade the silicone-enameled wire was 
aged for 6,964 hours before it failed at an 
elongation of nine per cent while the syn- 
thetic-organic-resin-insulated wire failed 
at a nine per cent elongation after only 
240 hours. At 200 degrees centigrade the 
synthetic-organic-resin-insulated wire 
failed at an elongation of three per cent in. 
two hours while the silicone-insulated 
wire was aged for 216 hours before failure 
at the same elongation. 

A critical analysis of all the relative 
data on aging of organic materials and 
silicone materials leads to the conclusion 
that the silicones are highly stable with 
respect to thermal aging; however, since 
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different temperatures is not a constant 
factor for either the organic materials or 
the silicone materials, it is necessary to 


_ compare the two at a specific temperature 


4 


__ if a comparison of their relative heat sta- 


bility is to be made. It is the opinion of 
the authors that silicone varnishes which 


_ are now available will protect electric ap- 
_ paratus for 20 to 100 times as long as con- 
‘ventional organic materials at the same 


temperature, or to put the matter another 
Way, operating temperatures may be 


_ raised 50 to 75 degrees centigrade when 


these resins are used. 
Since the silicone resins are character- 


- ized by extreme heat stability, it would 


be reasonable to suppose that they would 
also require higher temperatures for dry- 
ing and processing. At the present time 
this is the case for most of these. It has 
been found that electric machines insu- 
lated with silicone varnishes must be 
baked at temperatures from 200 to 250 
degrees centigrade for times which are 
comparable to standard processes using 
organic varnishes, There is some indica- 
tion, from recent experimental work, that 
this condition will not always exist. 

Tests on moisture permeability using a 
Payne cup indicate that the moisture 
transmission through films of cured sili- 
cone varnishes is comparable to that ob- 
tained through the better grades of or- 
ganic insulating varnishes and materials 
such as soft vulcanized rubber, molded 


_ phenolics, or asphalt sealing compounds, 


These tests might lead to the belief that 
very little improvement in the moisture 
resistance of electric machines could be 
obtained by using silicone insulation. 
Actual tests on insulated coils, however, 
indicate that silicone-insulated coils main- 
tain their insulation resistance under high- 
humidity conditions for a much longer 
period of time than do coils insulated 
with organic varnishes. 


High-Temperature | Insulating 
Materials 


Extensive tests have indicated that ma- 


| terials deteriorate under the influence of 


heat due to two effects which are ap- 
parently independent of each other and 
differ in relative magnitude depending on 


| the specific materials. One of these effects 


is caused by oxidation and can be pre- 
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Figure 1. Samples of fiber-glass cloth coated 

with organic resin and silicone resin varnishes 

showing effect of aging at 250 degrees centi- 
grade 


vented to a certain extent by minimizing 
the presence of oxygen. The second ef- 
fect, sometimes called thermal decompo- 
sition, is primarily a function of time and 
temperature. Since most conventional 
organic materials show rapid thermal de- 
terioration below the processing tempera- 
tures for silicone resins, it is desirable 
that all such materials be eliminated 
from the coils, filling strips, wedges, and 
other insulating structures of a machine. 
Therefore, it has been necessary to de- 
velop a complete line of insulating ma- 
terials based on silicone resins which re- 
place the conventional materials con- 
taining organic matter susceptible to 
thermal decomposition.  Silicone-var- 
nished-glass cloth,  silicone-glass—mica 
wrappers, silicone-glass-covered wire, sili- 
cone filling cements, silicone-glass—mica 
tape, silicone-sized glass tape, and sili- 
cone-treated asbestos cloth have been de- 
veloped for limited use in high-tempera- 
ture insulated machines. In certain cases 
it is difficult to eliminate thin layers of 
tissue paper on composite mica insulation 
and before processing in silicone varnish, 
it is desirable to prebake apparatus to 
eliminate the volatile portions of such 
organic material. 


Heat, Vibration, and Expansion 
Tests on Coils 


Tests were run on armature coils with 
three different types of class B insulation 
in comparison with high-temperature- 
silicone insulation. These were wound 
into a core and subjected to severe vibra- 
tion and thermal cycling in combination 
with accelerated thermal aging. The 
coils were typical d-c generator armature 
coils and each coil consisted of two single 
coils per slot composed of four strands 
of 0.114 by 0.229-inch copper ribbon. All 
groups had mica ground insulation, but 
numbers 2 and 4 used glass-backed mica. 
Groups 1 and 3 were finished with asbes- 
tos tape and were treated with a high- 
grade organic thermosetting varnish and 
groups 2 and 4 with glass tape. Groups 
1, 2, and 3 were treated with thermoset- 
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ting varnish and group 4 with silicone 
varnish. There were nine coils from each 
group wound in a core as shown in Figure 
5. A fractional-horsepower high-speed 
motor operated on an unbalanced fly- 
wheel to provide severe vibration. All 
the coils were connected in series and ener- 
gized through a cycle drum and a timer so 
that the coils were heated for 12 minutes 
and cooled by a blower for 18 minutes. 
The test ran 16 hours a day for 36 days, 
during which the coil temperatures were ' 
between 209 and 230 degrees centigrade. 
The asbestos finishing tape in groups 1 
and 3 showed serious thermal deteriora- 
tion and the glass tape in group 2 became - 
hard and brittle, while the glass finishing 
tape of group 4 (high-temperature-sili- 
cone insulated) was still soft and flexible. 
Mica treated with silicone resin retained 
considerable more flexibility than the 
class-B mica insulation. The glass-cov- 
ered conductor insulation was in usable 
condition on both groups 2 and 4 but the 
insulation on the wire with silicone treat- 
ment had better flexibility than that 
treated with organic resin. 


Thermal Aging Test of Totally © 
Enclosed Induction Motor 


It is believed that the first motor suc- 
cessfully treated with silicone resins was a 
totally enclosed fan-cooled induction mo- 
tor on which tests were started early in 
April 1942. For this test it was designed 
for ten horsepower, three phases, 60 cy- 
cles, 440 volts, four poles, 1,690 rpm. 
It was insulated with the best available 
grade of class-B insulating materials 
using glass and mica and the finished 
winding treated with silicone varnish, 
(Composite high-temperature-silicone in- 
sulating materials were not used as at 
that time they were not available.) 


SUMMARY OF TESTS 


1. Complete engineering tests were made 
including full-load temperature run at rated 
horsepower (100 degrees centigrade rise by 
thermocouple). 


2. The motor was overloaded, the tem- 
perature reaching 416 degrees centigrade in 
11/. hours. 


3. The load was reduced until the tem- 
perature stabilized at 300 degrees centigrade. 


4. The motor was heavily overloaded for a 
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per emper 
é ae reaching 506 sence centigrade. Ane 


8, After the foregoing tests the motor ‘was ng 
~ retreated and then given a thermal endur- 
‘ance test at a load producing 210 degrees 
_ centigrade rise by resistance. 
continued for a total of 3,376 hours at an 


‘This test 


estimated hot-spot temperature of approxi- 


Pearaly 250 degrees centigrade. 


6. Periodically the motor was dismantled 
for examination and exposed to high hu- 


__ midity and various insulation tests. 


s 
_ Derait DISCUSSION 


- After thermal endurance test ‘of 920 
hours the silicone-varnish treatment was 


_ in generally good condition. The wind- 
ings stood high-potential and high-fre- 


quency tests at 2,000 volts, insulation-re- 


_ sistance tests, and high-potential tests 
- after exposure to humidity without fail- 


ure. After a severe humidity test with 


end bells removed, the insulation resist- 
ance was reduced but was adequate for 


operation. The motor was' again ex- 
amined and given humidity and insula- 
tion resistance tests after 2,250 hours ag- — 
ing. The varnish showed slight signs of 


_ deterioration but remained reasonably 


good. After 3,376 hours of operating on 


the accelerated aging test the motor 


_ Stalled due to bearing failure. The rotor 
conductors melted and flowed over the . 


- windings as is shown in Figure 6. The 


silicone varnishand insulation were in rela- 
tively the same conditions as when last 


examined. It was evident that the bear- 


ing was the cause of failure. On the ba- 
sis of this evidence it may be concluded 
that the winding and insulation were suit- 


able for further operation. To examine, 


the condition of the insulation, the motor 


‘was stripped. The resin was found to be 


brittle'and to powder as the winding was 
stripped. At places the glass tape in the 
end windings broke easily. Loosening 
of the glass was more frequent in the end 
windings than in the slots, but glass- 
backed mica cells were still solid and 
flexible to a considerable degree. In 
most places the glass wire covering still 
retained adhesion to the conductors. It 
must be recognized that in this first sili- 
cone-treated motor other resins and bonds 
were used, the silicone varnish being used 
only for final treatments. 


, 


et 


- WaTER-SPRAY TEST 


(Jiao ane ooeea 
a 
AT 200 C 


The enter eae of this 
was completely insulated with 


perature-silicone insulation. This in- — 
cluded silicone resins for treatment of the 
glass-covered wire, mica bond, treatment 


of glass cloth and tape, impregnation of 
the coils, and surface dipping of the 
wound stator. All ground insulation was 


glass-backed mica wrapper or tape. 


Treated glass was used only as a separa- 
tor or binder. Slot wedges were of the 
best available grade of phenolic-bonded 
asbestos laminate plus a few made of phe- 
nolic-bonded glass cloth. 


‘ 


An initial water spray was made to 
check the moisture resistance of the wind- 
ing. During a 48-hour spray test the 
insulation resistance (one-minute value) 
of the winding fell from 28, 000 megohms 
, to 2,600 megohms, 


THERMAL AGING TESTS 


While heating the stator, the generator 
was driven at normal speed with the sta- 
tor winding short-circuited. Field cur- 
rent was adjusted to produce a stator cur- 
rent of 21/2 times normal, resulting in ap- 
proximately 210 degrees centigrade rise 
by resistance. Thermal cycling of the 
winding was obtained by operating the 
stator on short circuit on alternate days 
only. At other times the stator was oper- 
ated on open circuit with the field over- 
excited. This resulted in approximately 
40 per cent above normal voltage being 
generated in the stator winding producing 
the effect of overpotential test on turn 
and ground insulation. A further pur- 
pose was to provide thermal cycling of 
the windings on these alternate days. 

The following temperatures in degrees 
centigrade were observed on the stator 
and are representative: 


Ambient air temperature.............. 25 
Winding rise (by resistance)........... 211 
Core rise (by thermometer)............ 94 
Frame rise (by thermometer).......... 42 
Outgoing air rise (by thermometer).... 69 


Periodically during the thermal aging 
test the machine was examined. The 
visual fae of the outer varnish film was 
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silicone varnish film 0.002-inch thick. and 


organic varnish film 0.002-inch thick after 


thermal aging 


e 


very slight during the a Fs test. The 


machine operated for 2,966 hours with 
the stator winding at the conditions pre- 
viously described. Based on 211 degrees _ 


=.) 
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centigrade rise by resistance with a 25- de- 


gree-centigrade ambient: temperature and 


a 15- degree-centigrade hot-spot allow- 


ance, this is equal to approximately 250° 
degrees centigrade hot-spot temperature. — 
At the end of this thermal aging test the 
winding was humidified, by maintaining 
exposed water surfaces heated above the | 
ambient temperature in an enclosure. The 


' 


generator was covered with a double 


thickness of waterproof paper and a tar- 


paulin. Water was evaporated at the 


rate of approximately three quarter 
gallon per 24 hours within this enclosure 


and the following values of insulation re- 


sistance observed: 


Stator Winding 
Time of Megohms 
Humidification (One-Minute Value) 
Start /..\¢. £ 
3 days... 
16 days. 


19 days 


FINAL INSULATION TESTS 


Immediately upon completion of the 
final humidification test a series of tests 
was made on the stator winding (without 
dryout) as follows: 


1. High-potential test to ground at 1.4 
times rated voltage (60 cycles) for five 
minutes. 


2. Operation open-circuited at normal 
speed with maximum field excitation (40 
per cent overvoltage) for one hour. 


38. Short circuit applied to stator terminals 
with field excitation set for normal open- 
circuit voltage. Applied for two minutes, 
with no evidence of loosening of winding. 
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‘Numerous totally enclosed fan-cooled 
induction motors have been made using 
" high-temperature-silicone insulation and 
- subjected to operation at high, tempera- 
ture. None of these motors as yet show 
1y marked deterioration of the insula- 
on as indicated by insulation-resistance 
readings and all motors have been sub- 
jected to high-potential tests with no 
breakdowns. The motors listed in Table 
I with the operating temperature and 
‘time of operation up to date were still 
under test at the time of preparation 
‘of this paper. 
_ The table indicates that the use of sili- 
ic cone varnish and materials will make it 
possible to operate electric apparatus at a 
q higher temperature than has been used 

Bee rewously. It must be recognized that 
in nt use of higher operating tempera- 
- tures, other problems must be studied. 
_ Air gaps may have to be larger to allow 
- for more expansion of the rotor, bearings 
_ will have to allow for more shaft expan- 
sion, and bearings and lubricants must 
_ operate at higher temperatures. 

‘ ' 


_ High-Temperature Lubricants 


- From the standpoint of machine con- 
_ struction and operation, it is obvious that 
_ if the greater temperature stability of sili- 
cone resins and insulating materials is to 
be utilized it is necessary on certain ap- 

paratus to obtain lubricants which will 
function at higher temperatures. The 
development of silicone oils and greases 
has advanced to the point where it ap- 
"pears that these materials enjoy the 
same superiority over organic lubricants 
as silicone varnishes enjoy over organic 
varnishes. Tests on actual motors have 
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Figure 4. Elongation failure versus time for 
resin films on number 18 copper wire 


indicated that the better grade of organic 
lubricants cannot be operated for ex- 
tended periods of time above 90 degrees 
centigrade. Comparable tests on sili- 
cone greases lead to the belief that bear- 
ings lubricated with these materials can 
be operated at about 50 degrees centi- 
grade above conventional limits. Ex- 
tensive tests are now in progress and it 
appears likely that machines will be in 
service which have not only silicone 
treated and bonded insulation but sili- 
cone lubrication as well. 


Review of Design Factors 


A large number of general-purpose in- 
duction motors have been wound using 
silicone-treated materials and silicone as 
an impregnating varnish. On open, 
splashproof, and semienclosed motors 
where the performance of the motor rather 
than the temperature determines the 
amount of material used, the use of high- 
temperature insulation gives no advan- 
tage. The size of these motors is deter- 
mined by the pull-out torque, starting 
torque and starting current, efficiency, 
and power factor and it is found that 
when the above factors are maintained 
at values acceptable to the users, the 
temperature rise is such that present 
class B insulation has sufficient thermal 
stability to give life comparable to pres- 
ent class-A -insulated motors. 

Silicone materials may have a use on 
totally enclosed and totally enclosed fan- 
‘cooled motors, as the present allowable 
temperature limits definitely determine 
the amount of material used. The design 
of these motors for maximum use of the 
electric parts, keeping the performance 
acceptable as stated above, gives tempera- 
tures somewhat in excess of the allow- 
able class B temperature. For this type 
motor, the use of silicone materials with 
the higher temperatures may be advan- 
tageous. 

Several totally enclosed and fan-cooled 
motors have been made and tested experi- 
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mentally. 
tors is not the ultimate performance asc 
~ the electric parts used were those cur- a 
‘rently in use in class-A-insulated ma- | 
- chines. For a true high-temperature mo- - 

oa 


“Hit i ie 
ies Sen 


The sérioeianee of Mice mo- seh 


tor for maximum use of the material it 
will be necessary to change the relation E 
of copper to iron, the quality of the iron, Re | 
length of air gap, and so forth. Further ~ we 
studies of this problem are now under | J 
pee j ‘ 
pect Considerations and 
Limitations _ 


There has been considerable discus- 
sion of some of the limitations of silicone BS 
resins; for example, mechanical fragility, . 
low abrasion resistance, and poor oil and } 
solvent resistance. In this connection it 
must be recognized that there are many 
of these materials with varying physical 
characteristics. It is true that some, par- 
ticularly the early forms, were consider- 
ably inferior to the better organic resins 
in some of these characteristics. How- 
ever, there is considerable difference be- __ 
tween silicone resins in this respect. More — 
recently developed resins have been even 
better, and are now readily usable. That 
essential silicone characteristic, thermal 
stability, tends to make the resins diffi- 
cult to cure. Asaconsequence, full physi- 
cal characteristics, such as abrasion re- 
sistance, may not be developed unless 
proper processing is obtained. In using 
high-temperature-silicone insulating ma- 
terials it is important that precautions be 
taken in every stage of manufacture to de- 
velop the essential physical and chemical | 
characteristics of the silicone resins. 

The high baking temperatures (usually 
200 degrees centigrade to 250 degrees 
centigrade) necessary for curing silicone 
resins, in the present state of the art make 
it imperative that composite insulations 
contain little if any organic materials. 
All bonding resins for composite insula- 
tions should be silicone and an absolute 


Figure 5. Test setup for severe thermal aging, 
thermal cycling, and vibration test 
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‘Figure 6. First Eiliconeuéeted motor after 
: bearing failure 


er ‘rade hot- spot temperature 


i 
a 
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used for structural purposes. Before ap- 
plying silicone treatment, either by im- 
__ pregnation or dipping, the coil or appara- 
tus should be baked out, at a temperature 
_at least equal to the final baking tempera- 
ture, to drive out all gas from decompo- 


tairied in small percentages of cellulose. 


It should be recognized that there is — 


much to be learned regarding these new 
silicone compounds and their application 

to electric apparatus Furthermore, the 

_high-temperature-silicone insulating ma- 
terials are available in limited quantities. 
It, therefore, appears advisable to re- 
strict the use of high-temperature-silicone 
materials to a few specific applications so 
that this development will be carried out 
in an orderly and progressive manner. 


Interpretation of Tests 


Tests on silicone resins, silicone-treated 
materials, and wound apparatus treated 
with silicone varnishes demonstrate that: 


1. An unusually high order of thermal en- 
durance is obtained. 


2. The materials are usable with relatively 
‘minor variations in conventional processes 
(mainly in baking temperature). 


8. That on some types of electric apparatus . 


an appreciable advantage may be obtained 
in rating through operating at the higher 
temperatures when such are permitted by 
AIEE Standards. 


Conclusions and Recommendations 


Silicone resins and composite high- 
temperature-silicone insulation materials 
promise considerable improvement in the 
thermal endurance of electrical insulation. 
The exact improvement is difficult to eval- 
uate and will require much additional ex- 
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% Operated 3, 376 hours at 250 degrees centi- 


Gs ‘minimum of cellulose materials should be 


sition of organic materials such as is con- 


®PEED CONTROL ‘of ean 
induction motors where the torque 
is in the same direction as the mechanical 


‘rotation may be accomplished with mod- 


: erate sticcess merely by the use of adjust- 


able resistance in the secondary or rotor 


circuit, provided the torque being de- | 


veloped by the motor is appreciable. 
| Where the torque must be contrary to the 
rotation, for example, crane-hoist lower- 
ing, the problem of control at less than 


synchronous speed becomes much more 


complex, and special consideration in 


control design is required. Such refined 
subsynchronous speed control can be at- 
tained, provided the torque is in excess 
of possibly 35 per cent of full load, by ex- 


rent and adjusting rotor resistance in 
the ordinary way. For those applications 
where the countertorque is less than 50 
per cent normal, or absent altogether, 


satisfactory speed control is provided by 


application of adjustable unbalanced 
polyphase voltage to the motor primary. 
Neither of these systems is entirely satis- 
factory for the complete speed—-torque 
range, since the former does not provide 
low torque at high speeds and the latter 
does not provide rated torque at slow 
speeds. Both require considerably 
greater input current than the motor 
would require to develop an equivalent 
countertorque with balanced polyphase 
voltage applied. It is possible, of course, 
to control the countertorque in the ortho- 
dox manner by an adjustable rotor re- 
sistor. This system has been used exten- 


_ citing the motor stator with direct cur- — 


new feature, namely, variable unb 


per cent full load without adjustment of 


pear roan Me of thie 
phenomena of relatively high 
rent for a given output torque. 
purpose of this paper to describe 
system of control which incorpor: es_ 


primary voltage automatically re. 
to speed. Introduction of variable “ 
balance has made it possibleto: 


al? Employ unbalanced voltage without the 
excessive input current which might be 
yo 


expected. e. 
2. Obtain characteristics providing : 
degree of starting torque from zero to 75 


rotor resistance. te : 


3. Obtain less than synchronous speed 


with no load. ~~ 


7 

% 
, 
. 
, 


4, Obtain characteristics providing re- 
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perience and test work. It is believed 
conservative to state that the silicone ma- 
terials with which the authors are familiar 
have from 50 to 75 degrees centigrade 
advantage over conventional'class B in- 
sulations. 

It is the recommendation of the au- 
thors that the availability of this new 
type of insulation be recognized at once 
by the assignment of some classification 
or designation to differentiate it from 
class Band C. Itisfurther suggested that 
a tentative limit be established for this 
insulation at 40 degrees centigrade above 
the present observable temperature (by 
resistance) for class B. Furthermore, an 
increase of five degrees centigrade in hot- 
spot allowance is suggested. On this 
basis, it is suggested that the limiting hot- 
spot temperature for high-temperature- 
silicone insulation (corresponding to the 
130 degrees centigrade limit for class B 
insulation in AIEE Standard 1) be set, 
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at 175 degrees centigrade. It is recog- 
nized that certain industries have special — 
standards and that only experience and 
further tests will demonstrate what their 

limits should be. It is the opinion of the 

authors that these recommendations are 

conservative but that the proposed tem- 

perature limits will give designers a sig- 

nificant advantage over class B tebe 

ture limits. 
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. Derivation of the four limiting saéadetorads 


acteristics TQ.1, 
eo the new system 


ding eardues which are zero at zero 


speed, and which cover a speed rangé of 0 


to 35 per cent at light or no load, and 10 
per. cent to 150 per cent at full load. 


: _ The essential elements of the control 


system are shown in Figure 10, and in- 
el a variable impedance reactor, a 
phase shifter, and a speed detector with 


amplifier, in addition to the parts com- 


posing a standard reversing controller. 


Performance With Unbalanced 


Voltage 


The familiar mental conception of the 
reactions taking place in an induction 


motor pictures a single revolving magnetic 


qe 


field on the stator, the rotor following at 


somewhat lessened speed, with voltage 
and frequency existing in the rotor wind- 
ings in proportion to the slip. If the ap- 


r plied polyphase voltage happens to be 


unbalanced, the revolving field becomes 
unsymmetrical, that is, it does not have 
the same magnitude for all positions on 


the stator. This unsymmetrical field can 


| be analyzed by the method of symmetrical 


T3-L> 


Te= 2 


Figure 2. Vector relations for voltages 

across motor windings W1 and W2, for the 

four conditions of unbalance producing the 

limiting speed-torque characteristics of 
Figure 1 
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‘Figure 3. 


‘from O to maximum for 


TQ-2, TQ-3, and TQ-4 used in 


Speed- 
torque characteristics 
for motor with speed- 
responsive _-variable 
unbalanced voltage 


As the torque changes 


points 1-2-3, the cor- 
responding unbalance 


TQN2 in rae 1B. The positive ¢ 


apap is A similar ot the guess i 


ats i a BGs. 


Oe Ds ie 


varies as 11 moves 
along the locus from 
A toward 8 in Figure 


RSE 


9. For point 4, 71 
moves along the locus 
from C toward D 


components. By this means this unsym- 
metrical field can be replaced by two 
symmetrical fields, one of which revolves 
in the same direction as the rotor (posi- 
tive sequence) and the other of which 
revolves in the opposite direction (nega- 
tive sequence). The relative magnitude 
of negative sequence increases with the 
degree of unbalance. 
torque of the motor is, of course, the 
algebraic summation of the component 
positive- and negative-sequence torques 
which are developed in the rotor due to 
the positive- and negative-sequence stator 
fields. 


High Secondary Resistance— 
Limited Input Current 


A fundamental of the new system, and 
one of prime importance, consists in the 
use of a single relatively high value of ex- 
ternal rotor resistance for all subsyn- 
chronous speed control which will pro- 
duce the speed—-torque characteristic TQ-1 
in Figure 1A. The curve TQ-1 shows 
that within the operating range in the 
fourth quadrant the motor operation is 
stable, that is, an increase in speed is al- 
ways accompanied by an increase in re- 
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The net output — 


PSC IN TT MI 
ESE 


The negative-sequence component is, 
similar to the positive component, ex- 
cept the magnitude is lower since the un- 
balance is not great, and it is inverted on 
the speed axis since the slip for this field 
is opposite to that for the positive field. 
The motor shaft torque is the algebraic 
sum of the two components, or the char- _ 
acteristic TQ2. 

If the motor primary voltage is further 
unbalanced by increasing the displace- 
ment vector EX2 (Figure 2) to 0.866£, 
single phase is essentially applied to the 
motor. The positive (TQP-3) and nega- 
tive (TQN-3) sequence components are 
equal in magnitude for equal degrees of 
relative slip, and therefore the shaft 
torque characteristic TQ3 passes through 
zero torque at zero speed and the shaft 
torque opposes the rotation at all speeds. 

If EX is increased in magnitude still 
further, as shown by E£X3, the phase 
sequence at the motor terminals is re- 
versed and the negative-sequence torque 
component becomes predominant as” 
shown by a comparison of TQP-4 and 
TQN-4. The corresponding motor shaft 
torque passes through zero at minus 35 
per cent speed and shows that negative 
torque is developed at zero speed. 
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cores and coils 


2 at any selected negative speed. The 
curves are of the general shape shown in 
Figure 3. They are quite different, par- 
ticularly in the low-torque regions, than 


_any speed-torque characteristics hereto- 


fore attained. There may be as many 
intermediate curves as desired, and 
they may originate from either TQ-3 or 
TOQ-4 at zero speed. 


Variable-Impedance Reactor 


The vector voltages EX1 and EX2 
and any intermediate value shown be- 
tween L1 and 71 in Figure 2 are produced 
by a single-phase variable-impedance 
reactor connected between these points. 
The vector voltage EX3 and EX1A and all 
intermediate values are produced by the 
same reactor in combination with a phase 
shifter. It may be argued that with any- 
thing less than infinite impedance, the 
reactor drop EX2 from L1 to T1 cannot 
equal 0.866. This is true, but if the 
impedance in ohms is not less than 
0.026H2.motor horsepower there is no 
effective phase rotation at the motor 
terminals and no torque is developed at 
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a-c coil. 
‘connected in parallel but in reversed re- 
lation such that the flux in the two cores 
is always of equal magnitude but of op- 


oer 


LOCATION OF NEUTRAL 
AND MOTOR TERMINAL TI 


L2(T2) 


The reactor is of the d-c 


‘type, where the a-c impedance can be 
varied by control of the core flux with |) 


direct current. Physically it consists 


~ of two identical cores mounted adjacent 


to each other, and each with an identical 
(See Figure 4.) The coils are 


posite polarity. Both cores are enclosed 
in a third coil, which is unaffected by a-c 

flux in the cores since their summation, 
due to the opposite polarity, is always 


zero. Application of direct current to 
Figure 5. Hypo- 
thetical equivalent 


* circuit and vectors for 
combination consist- 
ing of motor windings 

LI and the phase shifter 
RPD-XPD (Figure 2) 


this third coil introduces undirectional 
flux and thus reduces the capacity for 
alternating flux and accordingly the re- 
actance of the a-c coils. The d-c energy 
required for excitation of the reactor is 
quite small compared to the a-c energy 
that may be controlled. Considering 
the maximum a-c volt-amperes at 100 
per cent, the minimum will be eight per 
cent and the direct current energy to 
cause this change will be 0-1.5 per cent, 
for the reactor as designed for this con- 


Figure 7. Comparison 

of balanced- and un- 

balanced - motor=cur- [,> 
rent vectors 
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BALANCED VOLTAGE Ite 


Phase Shifter” 


a; 
The phase shifter is a set 
and resistor combination, 


#8 


windidg Wi form one sees : s 
connected three-phase load. The sec 
element is the reactor XPD and win 
W3, and the third is the reactor (voltage 
drop EX8). The neutral of the wye- 
connected load is therefore the mot or 
terminal T1, and the displacement of the 
neutral with respect to L1—L2-L3 deter- 
mines the unbalance of voltages applied 
to the motor windings. Each of the ele- 
ments contains reactance and resistance, 
and each may be resolved into hypotheti- 
cal equivalent circuits per Figure 5, 
where the three elements are Z1, Z2, Z3. 
By choice of values for XPD and RPD, 
so that the hypothetical impedance of. 
Z2 and Z3 are about half the hypotheti-— 
cal impedance of the motor winding with 
the secondary resistor connected, Z2 be- 
comes preponderantly reactance, and Z3 
becomes preponderantly resistance, The 
quantity Z1 is much greater than either Z2 


427-7 


UNBALANCED VOLTAGE 
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PER CENT TORQUE 


or Z3 when the reactor is unexcited, there- 
fore its effect on the position of the hypo- 

_ thetical neutral can be neglected, and the 

" approximate location can be determined 

_ by a vector analysis of Z2 and Z3 in 
~ series across the voltage L2-L3. A vec- 
tor diagram of the component voltages 
through Z2 and Z3 appear in Figure 5, 
showing how the neutral of this system is 
displaced with respect to the reference 
voltages L1-L2-L3, to produce the vec- 
tor EX3 shown in Figure 2, and reversed 
_ phase sequence. 


- Speed Detector and Secondary- 
Voltage Phenomena 


Direct current for control of the reactor 
‘impedance must vary, not necessarily 
directly, but at least as a function of mo- 
tor speed. The source of power for con- 
trol of this direct current is the motor 
secondary voltage, and particularly the 
high-frequency modulations eek exist 
therein. 
When operating the motor with un- 
balanced primary, the secondary terminal 
_voltage is the summation of the positive- 
and negative- sequence voltages being 
generated in the rotor coils. For normal 
_ operation with balanced primary voltage, 
_ only the positive sequence exists, and the 
secondary voltage has a perfectly finite 
magnitude and frequency for any selected 
speed (slip). Thus in the increasing 
speed range 0 to minus 100 per cent the 
magnitude increases from Es to 2Es, and 
the frequency increases from 60 to 120 
cycles for 60-cycle applications. The ap- 
pearance of the negative-sequence com- 
ponent, with its descending magnitude 
and frequency (60 to 0 cycles) in the same 
speed range, produces modulation in 
magnitude of the predominating positive- 
| sequence component but does not affect 
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MASTER CONTROLLER © 


TES 


(0) 


LOWER 
$432! 


HOIST 
—— 
123456 


Niall 


“put as per 


three © motor primary 
windings for ten- 
horsepower 
wound-rotor motor 


“Fast” and “slow” 
refer to speed, and 
the former is accom- 
panied by high un- 
balance, the latter by 
low unbalance when 
developing a given 
torque. The insert 
shows a comparison 
of average winding 
heating — associated 
with four different 
systems of control, 
when exerting  full- 
load torque at the 
lowest possible speed 


Cees ine 
cent 
average heating of the - 


six-pole — 


PIM lah et oe ee 
; ‘its Fcidatuental ona Besides these — i 


modulations there is still another vari- yer 


able in the secondary voltage, secalting 
from the variable unbalance. This vari- 
able is indirectly associated with speed | 
in such a way that a rise in speed is 
accompanied by a rise in secondary volt-_ 
. age, however only in proportion to the | 
torque being developed. Thus as the 
speed rises from 0 to minus 100 per cent — psi, 
the magnitude of the secondary voltage ae 
is largely indeterminate, but its frequency , 
has a perfectly definite value for any 
speed. The speed detector therefore has 
been designed for minimum response to — 
‘magnitude of impressed voltage, and 
maximum response to ie frequen 
thereof, : ‘ 
The detector itself consists simply ofa 
three-phase transformer ‘operating at high 
flux density, a capacitor in series with each 
primary coil, and a rectifier to convert. 
the output to direct current. The im- 
pedance of a capacitor varies inversely 
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Figure 9. Wiring diagram for hoist application 
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per ee ee, hence the mat 


ys 
y except as modified by the rela- 
ively minor motor secondary voltage 
s from other causes. The in- 
ase due to the presence rot the ca- 
citors can be made to transcend that 


e output of the detector system re- 


quently to speed. 
It is necessary that the excitation of 
hes ‘main reactor be zero at zero speed, 
: hence the detector output voltage exist- 
ing at zero speed must be nullified. This 
merase accomplished by paralleling the output 
of the detector with another rectified 
constant voltage and completing the cir- 
a peeait for both through a common loading 


resistor. Current cannot flow backwards. 
through a rectifier, therefore whichever 


_, voltage of the two is the higher will 
_ furnish all the current to the loading re- 
| sistor. The two voltages are nearly bal- 
anced with the motor at zero speed, with 
the detector voltage slightly low, so that 
only negligible current can flow to the 
amplifier, Increase in speed towards 
- minus 100 per cent causes the detector 

voltage to go into the ascendency to ex- 

_ cite the amplifier. 


Amplifier 


The energy consumed by the loading 
resistor in the detector system neces- 
sarily constitutes most of its output, and 
the system is accordingly an inefficient 
device. For this reason it is desirable to 
keep its component parts small and re- 
sort to an amplifier to obtain the required 
excitation energy for the main reactor. 
Another reason for use of the amplifier 
lies in the fact that the detector system 
may be standardized and applied to all 
ratings of motors, with the variables be- 
ing taken care of by the amplifier. 

The amplifier is a single-phase a-c 
bridge composed of two reactors, each of 
which is of the same general design as the 
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creased pri- = [-P 
amplitude of — 
ed time rate 2 


system varies directly as the 


ue to other causes with the result that 


ponds fairly well to frequency and con- 


main reactor, except beat the dc exciting 
coil is omitted from one. The impedance 
of the reactor with the exciting coil is, of 


course, variable and its two a-c coils are 
connected diametrically opposite in the 


bridge as per A in Figure 6. The coils B 


are on the other reactor and are of fixed © 


impedance. Output energy from the de- 
tector reduces the impedance of coils 4, to 
upset the balance of the bridge and pro- 
duce a potential difference at X and Y 
with consequent input to the exciting 
coil of the main reactor. 


Input Current 


Application of unbalanced voltage to 
the primary windings of a motor, of 
course, produces unbalanced current in- 
put. Reference to Figure 8 indicates 
that, for the particular type of unbalance 
under discussion, the current to two mo- 
tor terminals is somewhat greater than the 
balanced current for equivalent torque, 
and the current to the third terminal 
(with reactor) is always less. Terminal 
current is the vector sum of the motor 
winding currents, and in this case where 
variable unbalance is concerned, both the 
magnitude and phase relation of the com- 
ponent winding currents are variable. 
Thus, to deliver a given torque such as 
100 per cent at low speed, the motor will 
be operating under nearly normal con- 
ditions with low unbalance, and the mag- 
nitude and phase relations of the winding 
current are nearly normal (see Jy1,z2,13 
—SLOW). 

If it is desired to increase speed and 
maintain this same torque, the unbalance 
will be made greater. 

This is accompanied principally by a 
lessened phase displacement between 


Wickerham— Variable- Unbalanced- Voltage Control 


i BS 
us PER CENT SS Pa S| Neen 
SBEEESEESEEEESSSSESET uauueasSaeenCeesS 


i “#36 
Flauie 10 


Dotted curves are characteristics 


alice 


component winding currents, and sore 
increase in magnitude. The ieee 
current changes to Jz;,22,z3—FAST, | Aa 
shown in Figure 8. The effect 'of such 
changed displacement angles for the cur- $ 
rent in the three windings of Figure 2 will : 
be appreciated by study of the typical — 
vector peeks in Figure 7. 


Conclusions 


tem, as it would be applied to a crane — 
hoist, is shown in Figure 8. The above 
description has stressed fourth-quadrant — 
performance and the test curves shown — i 
were taken with the average primary cur- 
rent limited to 125% at rated load. 
These conditions should not be regarded — 
as limitations but rather as particular © 
values for a particular application. It is _ 
self-evident that with the large number © 
of control elements available many com- — 
binations of values may be used giving © 
equivalent variations and modifications in 
performance. 

A simple reversal of motor terminal — 
connections produces performance in the 
first and second quadrants equal to that 
developed in the third and fourth. 
Figure 9 then shows how this new system 
has produced speed—torque curves filling 
in a much needed portion of the speed— 
torque area, supplying a valuable tool 
for the design engineer. 


| 
| 
j 
A wiring diagram for this control syS- | 
1 
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Design of Sealed Ignitron Rectifiers for 


Three-Wire Service 


M. M. MORACK 


MEMBER AIEE 


N the past four years, the many con- 
structional and operational advan- 
tages of sealed ignitron rectifiers have 
greatly aided the war effort by saving 
critical materials and manufacturing fa- 
cilities. Two-wire sealed ignitron rectifi- 


ers! have met industry’s urgent need for 


efficient d-c power and have found wide 


_ application in the range of 75- to 1,000-kw 


‘capacity, at voltages ranging between 250 
and 600 volts direct current for general in- 
dustrial, railway, mining, and electro- 
chemical service. 

The field of application of the ignitron 
rectifier is considerably enlarged by the 
introduction of equipments for three- 
wire service, and it is the purpose of this 
paper to describe the design, character- 
istics, and performance of these units. 


The Field for the 
Three-Wire Rectifier 


One field of usefulness of the three-wire 
rectifier is for supplying d-c power to in- 
dustrial three-wire systems. There is an- 
other application to be found in metro- 
politan districts where steps are being 
taken to retire the Edison three-wire d-c 
system and existing building generating 
plants. In many cases it will not be eco- 
nomical to rewire buildings for a 208-volt 
three-phase 60-cycle supply or to replace 
d-c*motors and control for a-c operation. 
The problem of supplying d-c power for 
three-wire systems without the installation 
of rotating apparatus has long delayed 
the conversion in many districts. 

Three-wire sealed ignitron rectifiers 
offer several distinct advantages when 
compared with other forms of converting 
equipment. The rectifier is largely static, 
thus eliminating special foundation and 
space requirements. Rectifiers are quiet 
in operation and easy to operate. The no- 
load losses are small and the efficiency is 
fairly constant and reasonably high over 
the entire load range. Rectifier equip- 
ments are factory assembled as unit d-c 
substations thereby minimizing installa- 
tion time and expense. 


Design and 
Operating Characteristics 


PoweER CIRCUITS 


Three-wire service can be furnished by 
rectifiers in a number of ways: Large in- 
dustrial three-wire requirements may be 
met by standard two-wire rectifiers op- 
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erating at 250 volts in conjunction with a 
balancer set as shown in Figure 1. The 
alternating voltage of factory distribu- 
tion systems will be above the 208-volt 
level so that rectifier transformers will be 
required. Noise levels and space require- 
ments are not determining factors. 

Another class of three-wire service is 
offered by dry-dock applications where 
250/125-volt equipment is required for 
100 per cent unbalanced operation or for 
double current capacity at 125 volts. 
Here the series or parallel operation of 
two 125-volt rectifiers is preferable. The 
efficiency of this power-circuit arrange- 
ment is about the same as rotating equip- 
ment, but it has the advantage of flexibil- 
ity and ease of operation. For higher rat- 
ings, two delta six-phase double-wye power 
circuits are used in place of the delta 
three-phase single-way? units of Figure 2. 

In larger cities, where programs are 
under way to limit or retire the Edison d-c 
system, the simple and less expensive 
three-wire rectifier shown in Figure 3 is 
applicable. Sealed ignitron rectifying 
elements are arranged in a six-phase 
double-way circuit? to take power from 
the 208-volt three-phase 60-cycle net- 
work. The neutral of the three-wire load 
is obtained from the 208-volt network 
grounded neutral so that the complica- 
tion of the balancer set is eliminated. 

Tests indicate that when a 75-kw 
double-way rectifier is supplied directly 
from the 208-volt network, the output 
voltage will vary from 247 volts at no 
load to 237 volts at full load as shown in 
Figure 4a. This voltage regulation is sat- 
isfactory for single elevators and small 
motors connected to one rectifier. For 
larger numbers of elevators and lighting 
loads, better voltage regulation is needed 
to prevent rough elevator operation and 
lamp flicker. Suitable voltage ratios may 
be obtained by the addition of autotrans- 
formers. 

When autotransformers of five to ten 
per cent of equipment rating are used to 
boost the supply voltage, the natural 
regulation characteristic is shown in Fig- 
ure 4b. The flat voltage characteristic out 
to 100 per cent load, shown in Figure 4c, is 
obtained by the use of voltage regulators. 


Paper 45-35, recommended by the AIEE com- 
mittees on electronics and industrial power applica- 
tions for presentation at the AIEE winter technical 
meeting, New York, N. Y., January 22-26, 1945. 
Manuscript submitted November 22, 1944; made 
available for printing December 13, 1944. 


M. M. Morack is electrical engineer with the 
General Electric Company, Schenectady, N. Y. 
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Regulated output characteristics may be 
had without the use of autotrarisformers 
when a line-to-neutral voltage below 125 
volts is acceptable. 

The double-way power circuit is capa- 
ble of supplying 100 per cent current to a 
completely unbalanced load on the basis _ 
of rectifying element rating; however, 
such loads produce d-c components in the 
network transformer and thereby tend to 
increase exciting current. For partially 
balanced loads, the line-to-line component 
gives six-phase current wave shapes while 
the unbalanced portion is three-phase 
single-way. Figure 5 shows the network 
high-voltage current wave shape for bal- | 
anced and for 50 per cent unbalanced load 
conditions for a rectifier. 

Tests made on a 75-kw three-wire recti-_ 
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Figure 1. Six-phase double-wye rectifier 
for three-wire service 
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Figure 2. Series connection of three-phase 
zigzag rectifiers for three-wire service 
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fier operating on a 600-kva delta-wye 
transformer bank indicate that the differ- 
ence in temperature rise for the two load 
conditions is due chiefly to the increase in 
core loss. The difference in temperature 
‘rise for two eight-hour heat runs made 


with balanced and fully unbalanced load — 


was about three degrees centigrade. 

In large network transformers, the d-c 
component would have less effect on the 
core loss than shown in the test run since 
the relative size of transformers would be 
greater. Also, the unbalanced condition 
created for test is greater than would be 
encountered in practice where the recti- 
fier would seldom be called upon to fur- 
nish more than 25 per cent unbalance. 

Relative efficiencies for the foregoing 
power-circuit arrangements are shown in 
Figure 6. The efficiency of a 150-kw six- 
phase double-wye equipment including 
the losses of a 15-kw balancer set is shown 
in Figure 6a. A six-phase double-way 
‘unit of the same rating, operating under 

’ balanced conditions, gives an efficiency as 
in Figure 6b. Network-transformer losses 
are not included in the calculation of ef- 
ficiency for this arrangement. The series 
connection of 125-volt double-wye recti- 
fiers gives the lower efficiency shown in 
Figure 6c. 

Sealed ignitron rectifiers are subject to 
fault currents during d-c short circuits 
and arc-backs; however, the design of 
protective equipment - provides means 
for limiting both the magnitude and the 

' duration of disturbances on the a-c and 
d-c systems. A careful selection of pro- 
tective switchgear, co-ordinated with 
systems, transformer, and rectifier charac- 
teristics, is essential for satisfactory op- 
eration. 

In general, the equipment design al- 
lows factory-assembled unit substations 
consisting of the following components: 


A. Metal-enclosed manually or automati- 
cally operated a-c switchgear. 

B. Main power transformer or autotrans- 
former. 

C. Metal-enclosed water-cooled sealed ig- 
nitron rectifier and excitation equipment. 


D. Metal-enclosed manually or automati- 
cally operated d-c switchgear. 


Figure 7 shows a typical 150-kw two- 
wire sealed ignitron rectifier suitable for 
250/125-volt operation by addition of a 
balancer set. A 150-kw 250/125-volt rec- 
tifier having a six- phase double-way 
power circuit is shown in Figure 8. The 
a-c breaker and transformer enclosure is 
at the left, the rectifier enclosure is in 
the center, and the d-c control is on the 
right. 


SPALED IGNITRONS 


The design and construction of a mer- 
cury-pool-cathode rectifying element in 
which the control is maintained by a third 
electrode, or ignitor, is shown in Figure 9. 
Elements of the ignitron are a seamless 
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Figure 3. Six-phase double-way three-wire ’ 
rectifier 


steel water-jacketed resistance-welded 
vacuum chamber containing a main graph- 
ite anode, an auxiliary anode, two ig- 
nitor tips, deionization baffles, and a mer- 
cury-pool cathode. 

Ignitor tips are made of boron carbide, 
a refractory material having high specific 
resistance. The function of the ignitor 
is to control the time at which the anode 
current begins to flow. Once the ignitor 
has initiated the discharge, it has no fur- 
ther effect on the anode current. Control 
is restored to the ignitor when the main- 
anode and auxiliary-anode currents cease 
long enough for the mercury to become 
sufficiently deionized. 

The flexible stranded anode lead, with 
its pressed-copper terminal, is silver- 
soldered to a steel stud which supports 
the graphite anode. This entire assembly 
is insulated from the cylinder, which is at 
cathode potential, by means of a glass-to- 
metal-alloy seal. These last materials 
have practically the same coefficient of 
expansion over a wide temperature range, 
and their use results in vacuum-tight 
operation. 


After the cathode spot has been created 
by the ignitor, the auxiliary anode func- 
tions to maintain the spot for the remain- 
der of the main anode period. This pro- 
vides sufficient ionization to enable the 
main anode to carry the load current, even 
at small percentages of rating. 

Uniform cooling of all parts of the 
vacuum chamber is accomplished with 
water. Water flow is directed upward by 
helical vanes to avoid air pockets or hot 
spots. 


MAGNETIC ExcITATION EQUIPMENT 


Each anode of an ignitron rectifier is 
associated with an ignitor which requires 
a positive impulse current once each cycle 
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Figure 4. Output-voltage ‘characteristics ora 
six-phase double-way rectifier 


UNBALANCED 
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Figure 5. Network-line-current wave shapes 
with rectifier load 


to start the are. In order to fire the igni- 
tors at the correct predetermined time, 
the magnetic-excitation circuit* shown in 
Figure 10 is used extensively for two-wire 
rectifiers. The phase position of the ig- 
nitor impulses can be adjusted by con- 
trolling the saturation in the phase-shift- 
ing reactor PL. A direct current of 1.5 
amperes furnished by a regulator may be 
used to vary the firing point of the ignitor 
over an angle of approximately 50 degrees 
as shown in Figure 11. 

For double-way three-wire rectifiers, ig- 
nitors which are 180 degrees apart in 
phase relation operate at different cathode 
potentials and an insulating transformer 
is used in the-circuit. In addition, a 
phase shift between 180-degree ignitors 
is required for line-to-neutral regulation. 
The excitation circuit is arranged as in 
Figure 12. 

The operation of the circuit is similar 
to that of Figure 10 except that a pre- 
saturating winding is provided on the 
nonlinear reactor FL for shifting the 180- 
degree ignitor peaks with respect to each 
other. When a direct saturating current 
is applied in one direction, the positive 
peak advances and the negative peak re- 
tards. When the saturating current is 
reversed the peaks shift the opposite way. 
In this manner a ten-degree dissymmetry 
can be used for the line-to-neutral voltage 
regulation. 
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Figure 6. Over-all efficiencies for 250/125- 
volt 150-kw ignitron rectifiers 
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Rectifiers in common with other elec- _ ignitron rectifier rated CONNECTION MER RATHODE oe 
tric apparatus have regulation. To miti- 150 kw, 250 volts re Pa ck, 
gate the drop in direct voltage, and to direct current WS 
compensate for variations in the rectifier ,., R TUBE. SUPPORT AND. VACUUM "SEAL-OFF 
Figure9 (right). Sec- EAR OOET CONNECTION a 


‘supply voltage, the phase position of the |, : ee 

ignitor voltage is varied orth respect to Hon of a/sesled tgni- 

_the positive half-cycle of anode voltage eon ; 
by a direct voltage regulator as shownin 
_ Figure 13. 

The regulator consists of a rheostatic 
3 element, and a magnetic voltage-sensitive 
F “element, connected by a spring-balanced 
4 mechanical link. In the regulator circuit, 
a 

a 


i 


of the two-wire rectifier in that all igni- \ 
tors are phase advanced or retarded in re- _ 
sponse to variations in the output voltage. 
To accomplish line-to-neutral voltage 
eka regulation, additional means dre provided 
for phase shifting the ignition points of 
rectifying elements 180 degrees apart in 
phase relationship. The line-to-neutral 
regulator has a main coil connected in~ 
series with the voltage-adjusting rheostat. 
across the line-to-neutral voltage. The 
rheostatic elements, fixed resistors, and 
firing reactor saturating windings FL form 
a bridge connected across line-to-neutral 
voltage. Two rheostatic elements are 


IGNITRONS 


RESISTOR 


the rheostatic element forms one arm of 
a resistance bridge connected across the 

J output of the rectifier. The saturating- 
current windings of the phase-shifting re- ReAcTon™® | 

actors PL in the excitation circuit of Fig- 
ure 10 are connected between the mid-  UNFAR, | 

points of the bridge. When the d-c 
- output rises, the carbon stacks forming — gajuraste 
_ the rheostatic element are tilted, and their 
resistance increases. This change of re- 


- sistance in one arm of the bridge results 
~ in- decreased current flow in the satu- SMa oPher normally open and two are normally 
rating windings of the phase-shifting reac- — 3-PHASE closed, so that movement of the linkage 
: tors, thus phase retarding the ignitors, and GES ONGe in one direction increases current in one 
Figure 10. Magnetic excitation system for element and decreases current in the 
two-wire rectifiers other, thus allowing current to change 
in magnitude and direction through the 


decreasing the direct voltage. The rheo- 
stat is provided for adjustment of the 
voltage to be held. The regulator will 
maintain the selected voltage from no load 
to full load within plus or minus one per 
cent, within the range of 15 per cent volt- 
age control imposed by the limitations of 
the excitation circuit. For parallel opera- 
tion of two or more rectifiers, an equalizer 
connection is made by joining the equaliz- 
ing coils in series across the opposing volt- 
age drops of the cathode shunts of the two 
machines. 

The voltage-regulating equipment for 
the six-phase double-way three-wire rec- 
tifier uses two regulators, one to main- 
_ tain line-to-line voltage, and the other to 
i . AM regulate the line-to-neutral voltage at one- O51 085 OG, 07S" 0 LO mee aann aS 
Figure 8. Metal-enclosed sealed ignitron half the line-to-line value. From Figure O Cu SATURATING CURRENTS AMPERES 
rectifier rated 150 kw, 250/125 volts direct 14 it will be noted that the line-to-line Figure 11. Phase-shift characteristics of mag- 
current regulator is similar to the bridge regulator netic excitation circuit 
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Figure 12. Magnetic excitation system for 
three-wire rectifiers 
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Figure 13. Woltage-regulating equipment for 
two-wire rectifier 


saturating windings in accordance with 
the line-to-neutral voltage. 


BALANCER SET 


Three-wire service is provided from 
two-wire rectifiers by a balancer set con- 
nected across the 250-volt d-c output to 
furnish the neutral connection. A typical 
balancer-set control circuit is shown in 
Figure 15. With rectified voltage avail- 
able, the balancer set is started by closing 
the line contactors LE-1 and LE-2 by 
means of the control switch. Accelerating 
contactor A is then picked up by the volt- 
age relay AR. The coil of relay AR is 
connected across the balancer set through 
a resistor and measures the counter elec- 
tromotive force of the set. The accelerat- 
ing contactor A energizes relay CBR 
which in turn closes contactors CB-1 and 
CB-2. 

A field rheostat is provided to allow 
shifting the position of the neutral with- 
out affecting the line-to-line voltage. 

Relay OL-3 is of the thermal-overload 
type and serves to protect the balancer set 
against excessive unbalanced load. Ex- 
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Figure 14. Voltage-regulating equipment for 


three-wire rectifier 


cessive current in the neutral will de-ener- 
gize the balancer set and disconnect all 
load from the rectifier. 

The overload relays OL-1 and OL-2 
serve to protect the balancer in event of 
an arc-back. Relays OL-4 and OL-5 are 
of the hand reset type and serve to discon- 
nect the load circuit in case of fault. 
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rectifiers 


A—Accelerating contactor 
AR—Accelerating relay 
CB—Circuit-breaker contactor 

CBR—Auxiliary relay 
OL—Overload relay 

*—Resistor 
SW—Switch 
FU—Fuse 
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_ mined by the requirements of the applica-_ 


The rating of the balancer set is deter-_ 


tion. A balancer set of 25 per cent. of 
the rectifier rating is sufficient for most 
applications. 


REGENERATIVE-BRAKING PROTECTIVE 
EQUIPMENT 


: 
A rectifier operating under normal con- | : 
ditions will not carry reverse current, and _ 
any load which tends to regenerate will 
cause the d-c bus voltage to rise. Pro- 
tection must be provided by a ‘“‘pump- 
back”’ resistor, connected across the bus by 
a contactor whenever reverse power is en- 
countered, and removed when’ the re- 
generation ceases. The resistor is usu-. 
ally designed to absorb about ten per cent — 
of the rectifier rating and is sufficient for 
cranes, elevators, and other similar loads — 
where regeneration occurs at infrequent 
intervals. 

The operation of the protective equip- 
ment may be understood by reference to — 
Figure 16. Whenever regeneration is 
present the bus voltage will rise rapidly 
provided there is no other load which can. 
absorb the regenerative power. A fast- 
acting relay V Ris adjusted to operate ata 
voltage slightly higher than the normal 
rectifier rating. The coil of VR is ener- 
gized through the timing-relay contacts 
TR. The coil circuit TR is completed 
through the normally closed interlock on © 
the main contactor M. | 

The operation-of VR closes M, connect- 
ing the protective resistor across the line. 
The bus voltage is maintained by the rec- 
tifier and VR remains closed until the 
contacts TR open after a time delay ob- 
tained by the long time constant of the 
circuit and a copper-jacketed coil. If re- 
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Figure 16. Regeneration-control circuit 


M—Main contactor 
VR—V oltage relay 
TR—Time relay 
TC—Timing capacitor 
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Transmission 
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REVIOUS papers of this series gave 


7 data on a lightning investigation 


catried on co-operatively by a number of 
power companies and the General Elec- 
tric Company, and the seventh paper of 
the series! brought the data up to and in- 


cluding 1938. Additional papers?:* cov- 


ered special angles of the investigation. 

| The present paper discusses an inves- 
tigation, under the joint sponsorship of 
the American Gas and Electric Service 
Corporation, of voltages, currents, and 


_ tates of change of voltage at five stations 
of the Appalachian. Electric Power Com- 


pany in Virginia; data on currents in 


Paper 45-26, recommended by the AIEE committee 
on power transmission and distribution for pres- 


entation at the AIEE winter technical meeting, 
New York, N. Y., January 22-26, 1945. Manu- 
script submitted October 30, 1944; made available 
for printing December 11, 1944. 


W. W. Lewis is with the central-station engineering 
divisions and C. M. Foust with the general engi- 
neering laboratory, both with General Electric 
Company, Schenectady, N. Y. 


- The authors acknowledge the co-operation in this 


" wye power circuits offer the best efficiency. 


' anicer set. 


investigation of I. W. Gross and G. D. Lippert of 
the American Gas and Electric Service Corpora- 
tion; J. G. Hemstreet and C. C. Tanner of the 
Consumers Power Company; L. M. Robertson of 
the Public Service Company of Colorado; and 
R. F. McAtee and J. G. Hutton of the general 
engineering laboratory and D. D, MacCarthy and 
W. N. Neiman of the lightning-arrester engineering 
division of General Electric Company. 


C. M. FOUST 


MEMBER AIEE 


towers and strokes on the lines of five 
different power companies; and some 
additional information on the distribu- 
tion of current in counterpoise wires 
and driven rods, and voltage gradient in 
the vicinity of towers on the Consumers 
Power Company system in Michigan. 


The Wave-Slope Indicator 


The wave-slope indicator first was used 
in 1939 on the 132-kv lines of the Appa- 
lachian Electric Power Company in Vir- 
ginia.4 The object was to obtain an idea 
of the rate of change of the voltage of 
transient waves from lightning and 
switching traveling into the stations. 


Table 1. Wave-Slope-Indicator, Link Ar- 
* rangement and Ratio 

Link 

No. Turns in Coil Ratio 
ALS tetas pvt e acetal aeowese Oe Gils o Mae aiels Cm alehatele 610 
De abies: siiehtines tryed ara POS. Sara iG cid wis eustonsass 246 
B sinnteteeiarottae = scree Oc Ougtc ne hae ce eles 98 
BR die Shand ott ais ele shoe Tae es A) oT ay 39 
Bas orale Adjacent to 10-turn coil........ 15.6 
Biaors serrtsls Adjacent to 10-turn coil........ 6.25 
Teen ere Adjacent to 10-turn coil........ 2.5 
Bas aaa: Adjacent to 10-turn coil........ 1.0 


\ 


Essentially the instrument is a com- 
bination of a coupling capacitor, con- 
nected between conductors and ground, 
and surge-crest magnets to read the crest 
or maximum current through the ca- 
pacitor. © 

The crest of the capacitor current is 
directly proportional to the maximum 
rate of change of capacitor voltage, that 
is, 


in which 


I=crest of current through capacitor 
C=capacitance of coupling capacitor 


de 
it = maximum rate of change of voltage 


A measuring range from 10 to 10,000 
amperes crest capacitor current was ob- 
tained through eight magnetic links. 
Links were located in air cores of low- 
inductance coils and at selected spacings — 
adjacent to these coils. By selecting the 
turns in the coils and the link spacings, a 
magnetization ratio of 2.5 was obtained 
between adjacent links, thus givihg a 
ratio between links 1 and 8 of about 610. 
These ratios were verified by laboratory 
tests with the cathode-ray oscillograph, 
in which current surges of known magni- 
tude and wave shape were used. 

Links were installed in the cores of 35-, 
10-, 3.5-, and 1.5-turn coils; also four ad- 
ditional links were placed adjacent to the 
10-turn coil. The numbering of the 
links and the approximate ratios were as 
shown in Table I. 

The original arrangement was con- 
tinued during the years 1939, 1940, and 


J a a ee ee ee ee a Bae: Cs AL Oe LE ee AL Lt ae. 


generation still persists when 7'R opens, 
the circuit will recycle. 


Application 


The design of sealed-ignitron-rectifier 
equipment for three-wire operation is de- 
termined to a large extent by the nature 
of the application. The six-phase double- 


and output wave form but require the 
added complications and losses of a bal- 
Series connection of 125-volt 
rectifiers eliminates the balancer equip- 
ment, provides flexibility, and is suitable 
for 100 per cent current unbalance, but 
gives six per cent lower efficiency and 
higher no-load losses. 

The six-phase double-way power circuit 
offers the best solution to the change-over 
problem. Such equipment is economical 
to build and requires a minimum of space 
which is usually hard to find in existing 
‘buildings. The rectifier provides a me- 
dium efficiency of 86 percent. Satisfactory 
voltage regulation can be provided by 
autotransformers and voltage regulators. 
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Rectifier ratings and the number of 
units required will also depend upon the 
application. For elevator loads, particu- 
larly in hotels, apartment houses, and 
office buildings it is good practice to have 
a 100 per cent reserve or stand-by unit, 
which will permit the rectifier in service 
to be removed. For reasons of safety, 
such service must continue under all con- 
ditions and a satisfactory solution to the 
problem is to provide two complete inde- 
pendent rectifiers with provisions for 
rapid change-over in case of direct-voltage 
failure. Simple switching provides pre- 
selection of normally operating and re- 
serve rectifiers. Where requirements are 
less severe and where units may be re- 
moved for maintenance and inspection, it 
is not necessary to. provide a stand-by 
unit. 


Conclusions 


The basic problems of sealed ignitron 
rectifiers for three-wire service have been 
solved and the equipments are highly reli- 
able when properly applied, installed, and 
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serviced. The type of power circuit is de- 
pendent on the requirements of the appli- 
cation. Tests show that the additional 
heating in network transformers resulting | 
from the unbalanced load on the six- 
phase double-way circuit will be negligible 
and that the circuit offers an efficient, 
economical, three-wire rectifier where 208- 
volt power is available. The equipment 
is semiautomatic in operation, so that 
periodic inspection and cleaning is all 
that is necessary to insure continuous 
and reliable operation. 
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Table Il. Wave-Slope-Indicator Calibration 
_Undamped- Surge Oscillatory Calibration ae 


10 11 12 


Wave Slopes / 
1 . 
ont oA Scale R i ° 8 9 a “CRO 13 | 
in . 
eentonad vee PERS va oahu age iee ta Pan eRe 7 ' Per Cent Capacitor Kv Per Aver- Ky Per meee | 
Volts Position Group 1 Group 2 Group 3 Average Ratio Oscillation Current usec _—- age psec Per Cen 
pase a Ne a ee a a eee | 
Disrelccee pes R10 en TeOo a eta evele TRL ON eeenatsist 10.3 H 
30. Been EL AREO gw MRABET ar BAD Reape AG Jaen Mele BOennabtee eran 400; 8-13 el) ifr poo Lan < ao. ieee 2.6 
Pee ee ake SEU RBG shee ROO mae cia ROOM eres ai ate Old Oats OST dol Dover Coke aoe eOe 
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i eterna steele, (S 0 Se orate Seed sete 
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R=reverse reading on surge-crest ammeter CRO =cathode-ray oscillograph tr = trace 


D =direct reading on surge-crest ammeter (SCA) 


1941, modified somewhat in 1942, and 
again in 1943. The 35-turn coil and link 
1 of the original installation were omitted. 
The final connections were as shown in 
Figure 1. 

Carrier-current coupling capacitors of 
0.00025, 0.0005, 0.001, and 0.0015 micro- 
farad which were on the system were util- 
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ized. A total of 26 instruments was lo- 
cated on ten circuits at Glenlyn, Claytor, 
Roanoke, Reusens, and Fieldale. 

A typical calibration curve of one of the 
coils is shown in Figure 2, and Figure 3 
shows the relation between maximum- 
voltage wave slope and crest capacitor cur- 
rent for each value of capacitor used. A 
range of voltage steepness of from 10 to 
10,000 kv per microsecond was covered 
by the arrangement. 


SPECIMEN LABORATORY CALIBRATION 


The arrangement of coupling capacitor, 
coils, and magnetic links, as used on the 


links were used for checking purposes. 
Tables II and III summarize data col- 
lected for these calibrations and show the 
several steps involved in interpretation 
of wave-slope values. As both the 
damped and undamped waves were os- 
cillatory, a two-link oscillatory calibra- 
tion was used, such as shown in Figure 5 
of reference 5. 

In Tables II and III, column 1 gives 
the surge-generator excitation voltage, 
which was increased progressively to pro- 
vide for some range of wave slopes. 
Column 2 is the reference number for 
individual link positions as indicated in 


4 E-— ig Turn con 
transmission line and shown in Figure 1, 
was calibrated in the laboratory with 
; surge-generator discharges of differing 400 Sates 
3 pause, SoU TURN COIL 
2 voltage wave shapes. These wave shapes 360 


10 TURN COIL —unidirectional, oscillatory, and repeated 
| | | | unidirectional of mixed polarities. Repre- w 250 
8 6 2 Dit ieek? sentative of these calibrationsisone which ¢& Won 
included the application of both damped & 


CARRIER TUNING 


TUNING UNIT 
UNIT 3 


PROTECTIVE GAP 


Final wave-slope-indicator arrange- 
ment of 1943 


Numbered capsules represent magnetic links 


Figure 1. 
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were of three general types as to polarity 


and undamped oscillations and provided 
a direct comparison of numerical values 
of voltage wave slopes recorded by 
cathode-ray oscillograph with those in- 
dicated by the magnetic links. 

For both the damped and undamped 
circuits the wave slope was varied over a 
considerable range by varying the surge- 
generator excitation voltage. Magnetic 
links occupied all link positions from 2 to 8 
as shown on Figure 1, and three groups of 
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Figure 2. Typical calibration curve for one 
of the wave-slope-indicator coils 


Calibration of 3.5-turn coil, link 3, ammeter 
reading versus amperes 
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Table il. Wave-Slope-Indicator Calibration 


Oscillatory Calibration 


' 10 11 12 
A Wave Slopes | 
ee ee ee ee 
__Surge- 4 5 6 Link 
Generator 2 SCA Scale Reading 8 9 CRO 13 
Excitation, Link esses 7 Per Cent Capacitor Kv Per Aver- Kv Per Deviation 
Volts Position Group 1 Group 2 Group 3 Average Ratio Oscillation Current usec age psec Per Cent 
4 ; Venere Lae cheba R100+.....- ROO Rees 97+......1.33 
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{Pot cu POEKORN REP Sa eka tcke ve R5 A Cr ID acne 4 
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HEAR acide ay irene S R15 Sete TRL Ole. B16 Oo eacncas00 
° Sis ataatatere ns ere ions R10 rete otto Oleiiala aie 8.0 
EW arent LOU aoa coue « R79 Sorat SetEe Coane obs at CVG Oe 8 Gd Cake a cceOD SH aatetemedle [6 OO a aerate 320 
SUB hsgnendO a Cie, R52) cca eis R52 aiate eV otEC OU ae «a 210 acres ree OO aiaiernreiaiane Oc icctaasiecte Lota cince 260$ °° sage Oe Lh Poses 2 a fi 
Saatieiietes RRAQM et alate Zak R17 Oo R17.. Ail oy dae cet Vata A 
, : Delclats ce RLOLS aieiee RU 95 Be RO 7. «sate 10.0 
cedeacar R100+.....R78 EUR TAL Se ose BAe tisxstnts crs ke Aeon ate inakene Ge tare OlOsa.cn 870 
Ae aiefa.a's' aie RGA th 3%. RDSig geet sisle REG. cae BOLO ae cles «09 Ons icke la ietes Op Sadioe Be AVY sce ois aah pir Bab sere bayou aa ee 
BO eretereretata-ere Diraictateterae R22 wee de R19 a R19.. #205 Oia 1.97 
Gi vevaxerents RIGS acters. ROO aso FUT Hovehats 10.3 
Uowitsie isis Onan a crete Iai BR Oo Rir 
Ce a RTD) Wate. sxaiste R67 Ae sok Nera te. 5 BOG om cei coe SO ctelete tare she OUchnierers rey ipl ee Sa cic B40" 6 vies 340..... 3.845. ce. eee 
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3 Chee sora ROS es 5 TAB So Are Relais 2 
Ticks «ais ators See es tats RU pe ar otare R5 
< yer R78 tk SURGBI Ge Fos ROB iain gL Ssrecele ZOD ctaioieleis 5 el Oresevaistece 605...... STO ae steta aiers Od O ayolaiateds BS2 7 tarred -—3.1 
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D-=direct reading on surge-crest ammeter (SCA) 


‘Figure 1. Columns 3, 4, and 5 are three 
groups of magnetic-link records, each 
obtained by the application of a single 
surge of the same wave shape as obtained 
at each excitation voltage of column 1. 
These three groups of links were used to 
check link variations on the same surge. 
In column 6 are given the average values 
for each link position for the three groups 
of links. In the measurement setup 
magnetization of links 2, 3, and 4 is nor- 
mally opposite from that of links 5, 6, 7, 
and 8. For convenience in analysis, 
however, records from links 5, 6, and 7 
have been put down in these tables in re- 
verse to their actual polarity. 

In the interpretation of wave slopes the 
oscillatory-calibration method requires 
the calculation of an inner-link—outer- 
link ratio as given in column 7. This ratio 
is the same as that for a normal surge- 
crest-ammeter two-magnetic-link station, 
as used extensively for tower leg, line 
conductor, and down-leads in previously 
reported field lightning investigations. 
In this wave-slope method the inner link 
is the link operating in the next stronger 
magnetic-field position to any other link. 
For instance, link 2 of Figure 1 in the 10- 
turn coil is inner link to link 3 in the 31/9- 
turn coil. Relative field intensities be- 
tween link positions is 2.5 to 1. In the 
tables the inner-outer-link ratio is en- 
tered on the corresponding inner-link 
line. If we refer now to the appropriate 
oscillatory-calibration curve, the per 
cent oscillation and capacitor currents of 
column 8 and 9 are read directly. This is 
done similarly for each inner-link—outer- 
link combination of adjacent links. The 
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R=reverse reading on surge-crest ammeter 


Table. IV. Wave-Slope-Indicator Records—Analysis by 


Incl 


CRO =Cathode-ray oscillograph 


Link Position, 1939 to 1943, 


usive 


Appalachian Electric Power Company 132-Kv System 


Range, No. at or Percentage 
Ky Per Links Links Links Total Above at or Above 
Microsecond 2-3 3-4 4-5 and 5-6 No. Level Level 
120. meeiecinetetet Ticterraopaearere O's oer Ov Ait a ie YhicGD ako a BBO isciaatece 100.0 
9 582 ! 


current values of column 9 are translated 
to wave-slope values, column 10, by use 
of a curve such as shown in Figure 3. 
When more than one value of wave slope 
for a single surge application can-be de- 
rived from the magnetic links, the values 
should check and be averaged for the 
final wave-slope value. Such averages 
are given in column 11, and in column 12 
are recorded wave-slope values derived 
from cathode-ray oscillograms. A per- 
centage comparison of magnetic-link 
values and cathode-ray oscillograph 
values is given in column 13. 
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The deviations for these tests range up 
to nine per cent which is the measure- 
ment accuracy of the magnetic links as 
commonly used for crest surge currents. 
In deriving wave-slope values from the 
magnetic links, some measure of expe- 
rience in weighting of values from differ- 
ent link positions is required. In general, 
surge-crest ammeter readings below 10 
and above 90 on the instrument scale 
were rejected as possibly affected by 
small residuals and saturation levels. 

The basic calibration curves on which 
all the field interpretations are made were 
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Table V. Surge Voltages on Station Busses, 1940-1943, Inclusive 
Appalachian Electric Power Company 132-Kv System 


a ————————_—erees<=_ O_O 


Range of No, at or Percentage 
Voltage, : Above at or Above 
Kv 1940* 1941* 19427, 1943 ** Total Level Level 
Or OO) ra ausvctstaswrctals Coatest ie Toietel aly at ereaslaiota Ghidlghaiclete sees OD. scuek 62) Ee eee ADO’ hte so 100.00 
LOTALSO 2,1 she cpus orators stats ov oe it eee 120"5 434 - 1 ee artes L702. ents BOT ii/stael areas 85.6 
Ld ZOOM tala «chelates « apscete ole Mia etre BOM siren. Qh eons 69! sien) oreteys USS! noises 43.8 
201-250..:..... BMS as 12, soar 8Sintd sates SB) gedecis DOT aistenvene T1905 eyecare. 27.7 
251-300.....\... AEM cals LOE es meant O.Nouer 35. cn des 66) s/sioiecses 15.4 
B0I=S50 Anes sss Peano Bie aeeaes Oe Cale 6Sheg wee OL 2 sng saute 7.23 
351-400........ AN ake Sik age» VTS OR eb ES ar Ae eo e arecat DG Gisvegsistoye 5.83 
401-450........ Onin ae Aree teciets Bi Mera: Latte BtM Ghose: DT ee atdspepans « 2.56 
451-500........ eee scythe oisch humid oGe sasitistnn Da pheceree Dee septs Ste a ateteat 0.70 
CPIM eee Wve cp Meetteteovete aie: trove tate ar ede WWatonetaee benny bc rate rah ts Dees wintctes 1S etree 0.23 

‘Total teaiete it ss lee ee LG Sy teers 227 hala VERS ete 429 
Maximum...... 525 seine « B28 ratiees B20) iter. 473 


* Roanoke and Claytor stations. 


** Roanoke station only. 


Table VI. Insulation Flashover Strength of 


Lines and Stations Under Investigation on | 


132-Kv System of Appalachian Electric 
Power Company 

Number of lines... 5:00 dscele es 6 
ND DET) Of CIT CULES. ves oe arveseres 10 
Number of overhead ground wires.. 1perline 
Number ofistationg st iisldsicyeid arse 
Number of connected lines at 

BEATIONG tre este: cholo tole (erate clos 2to5 
Number of insulator units in line 

suspension strings (spaced 43/4, 

5, and.51/s. inches). ws se... 10 to 12 
Flashover of line-insulator strings 

(1.5x40 positive wave).......... 790 to 1,080 kv 
Number of circuits equipped with 

protector tubes. ............... 4 
Discharge voltage of protector 

tubes 

1.5x40 positive wave........... 680 kv 

1.5x40 negative wave........... 760 kv 
Number of insulator units in re- 

duced line insulation (spaced 

43/4, 5, and 51/s inches), 5 

towers adjacent to station (on 

all except tube-equipped lines).. 9 
Flashover of reduced line insula- 

tion (1.5x40 positive wave)...... 720 to 890 kv 


Bus-insulation flashover strength 
1.5x40 positive wave........... 590 kv 
1.5x40 negative wave........... 


Number of three-phase lightning 

BECERL OLS ce se HE! ays 4). aesstaiie’ais! loiays 16 
Rating of arresters, 60-cyclerms...106, 109, 121 kv 
Arrester-gap breakdown (1.5x40 

voltage wave) or IR drop at 

5,000 amperes (10x20 current 

WORE) eI ieros cal con eens aplscshreKee el pe sie 350 to 425 kv 


built up similar to the calibration checks 
of Tables II and III, requiring, of course, 
the use of generated wave shapes includ- 
ing a wide range of damping factors. 


WAVE-SLOPE-INDICATOR RECORDS 


The analysis of the wave-slope-indica- 
tor records was made by two methods. 
The first method of analysis consisted of 
classifying the records according to the 
ratio of adjacent-link readings and using 
an appropriate set of calibration curves. 


The purpose of this method was to deter-' 


mine the rates of voltage change from 
surges due to all causes. 

The second method of analysis con- 
sisted of grouping the records according 
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+ Roanoke, Claytor, and Fieldale stations. 


Table VIA. Comparison of Insulator Units 
Spaced 534 Inches Apart 


Flashover Ky 
1.5x40 
Negative Wave 


Flashover Ky 
1.5x40 
Positive Wave 


No. of 
Insulator 
Disks 


to link position. The purpose of this 
method was to determine the origin of 
the surges; that is, whether due to 
lightning, switching, or a combination of 
both. 


ANALYSIS BY First METHOD 

The classification by the first method 
is as follows: 
Class 1—Unidirectional surges only. 


Class 2A—Oscillatory surges from three- 
link readings. 


Class 2B—Oscillatory surges from two-link 
readings. 


Class 3—Superimposed repeated surges. 
Rate of voltage change doubtful. 
Class 4—Single-link readings. Surge char- 


acteristics uncertain; calibrated as uni- 


directional. 


Class 5—Adjacent link polarities reversed. 
Surge characteristics uncertain. 


During the years 1929 to 1943, inclu- 
sive, there were 979 records in all, with 
one class-5 record of 810 kv per micro- 
second in the year 1942. 


ANALYSIS BY SECOND MEtTHop 


The records in classes 3, 4, and 5,.com- 
prising about 40 per cent of all the rec- 
ords, are somewhat uncertain, and there 
is some doubt as to their correct interpre- 
tation. These records, therefore, have 
been rejected in making the analysis by 


‘the second method. In this analysis of 


the wave-slope records it was found by 
specially staged tests made in 1939, that 
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coils of the wave-slope indicator are al 
ways affected by switching surges. A 
the distance between the links and the 
coils increased, the effect diminished. 
rapidly, and links 5 and 6 did not appear 
to be affected appreciably by switching 
surges. Records from links 2 and 3 
therefore were considered to be due prin- 
cipally to switching; records from links 
3 and 4 were considered to be due to’ 
switching or lightning or a combination : 
of both; records from links 4 and 5 or 5 
and 6 were considered to be due to light- 
ning only. 

A summary of the 589 records, accord- 
ing to the second method of analysis, for 
the five years, 1939 to 1943, inclusive, is 
given in Table IV. | 

In Figure 4 are plotted as abscissas thal 
percentage of records at least equal to the » 
kilovolts per microsecond as ordinates. 
The kilovolts per microsecond are given in 
zones, and in each case the bottom figure ) 
of the zone is plotted as ordinate, except — 
for the three highest figures of 520, 524, 
and 550, which are plotted individually. 
Abscissas are plotted logarithmically. 
By this method of plotting a logarithmic © 
curve will appear as a straight line, which - 
permits ready extrapolations. 

The sensitivity of the method does not 
lend itself to readings under about ten 
kilovolts per microsecond. Probably — 
there are a large number of surges below 
this value which are not recorded. If 
these had been recorded, the percentage 


, value for all other ranges would be re- 


duced somewhat and the whole curve 
lowered. ; 

Based on the data plotted, it would 
appear that surges were recorded about 
in the following order: 


One in 2 (50 per cent)—at least 100 kv per > 
microsecond. 

One in 10 (10 per cent)—at least 225 kv per 
microsecond. 


One in 100 (1 per cent)—at least 415 kv per 
microsecond. 


One in 1,000 (1/10 per cent)—at least 605 kv 
per microsecond. 


One in 10,000 (2/10 per cent)—at least 795 
kv per microsecond. 


Surge Voltages at Stations 


Surge voltages were measured at Roa- 
noke and Claytor stations of the Appa- 
lachian Electric Power Company in 1940; 
at Roanoke, Claytor, and Fieldale in 
1941 and 1942; and at Roanoke only in 
1943. The surge-voltage recorder with 
insulator string potentiometer was used. 
One instrument is used per phase and 
gives direct and reverse readings for 
each surge.§ 

As shown in Table V, 429 surges were 
recorded. The highest voltage recorded 
was 525 kv, and 50 per cent of all the 
surges were at least 145 kv. 

Table VI gives the flashover strength 
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een amperes land 
arious coupling capacitors 
4 ice 


1 varies faite in Bie bee aa spac- 
of disks, so that the flashover ranges 
ween 790 and 1,080 kv for the 1.5x40 
positive wave. The negative-wave flash- 
over with the 1.5x40 wave is not appre- _ 
ly different from the positive, as 
IL be seen from the comparison of in- 
sulator units spaced 5%/, inches apart,’ 
given in Table VIA. 

__ All lines, exept those equipped with 


sulation for five towers (approximately 
one- mile) out from the station. Nine 
disks of various spacings are used in this 
ction, both in suspension and strain, 


| | {ila 


pulsion protector tubes, have reduced 


Pale SS 
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conductor iy insulator flashover or ex- 
pulsion-protector-tube operation. The 
voltage reaching the station will there- 
fore be limited to the reduced line-insula- 
tion flashover or tube-discharge voltage of 
the order of 680 to 850 kv. The waves 
will have some chance to attenuate in ohms is assumed for the lines an 


—_ 
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ae 30 40 50 
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enters a station teat a line it 
where aes one 4.20: four ras 


arresters. If a surge oe E,, 


traveling to the station and then will be ohms for the power transformers, 
limited by the bus insulation to 590 to 770 ‘the arresters which do not come into p 
ky and further by the arresters to 350 to until the arrester gap breaks down 


425 kv. 


All of the meanived Se are well asurge impedance all the way from ab 
within the reduced line insulation, or ex- 125 to 430 ohms. This decrease in 


pulsion-protector-tube, or bus-insulator tion surge impedance compared to the n- Fe 
flashover, and all but about six per cent coming line surge impedance will cause 


are under the voltage pestered to the ar- the voltage surge to decrease to four 


testers. 


In this: Spates ‘esi a surge surge. If the incoming surge is assumed 


tenths to nine tenths of the incoming — a 


to be limited to 680 to 850 kv by the re- E 
536-3 duced line insulation or expulsion pro- 
tector tubes, then the bus voltage will be 


co 


reduced to about 275 to 765 kv by the a 
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with a flashover ranging from 720 to 850 
“ky. On the tube-equipped lines the in- 
coming voltage is held to 680 kv with 
the 1.5x40 positive wave and 760 kv with 
the negative wave. The bus insulators 
“will flash over at 590 kv with the 1.5x40 
" positive wave and 770 kv with the nega- 
tive wave. Three types and ratings of 
- station arresters are used, and it is esti- 
‘mated that with the 1.5x40 voltage wave 
‘or the 10x20 current wave, the arresters 
will hold voltages ranging from 350 to 
425 kv. 
With the line arrangement, Tot is, 
one or two circuits vertically arranged 
and one overhead ground wire, it is not 
likely that very many strokes will make 
direct contact with the conductors, but 
“in most cases the voltage will get onto the 
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l 
l 
Ht} Sete : 
station surge impedance. The basic-im-_ 
SeauGt aia atta TH TH pulse insulation level’? for 138-kv appara- - 
PRA TT CT tus is 650 kv, and in some of the most 
Lee oe Ht favorable station arrangements a volt- 
Cars c cake age well below this value is held by the 
H station impedance alone. . 
l 
1 Current in Overhead Ground Wires 


and Line Conductors and in 
Station Arresters 


ro} 
° 


PERCENTAGE OF RECORDS AT LEAST eaten TO ORDINATE 


In Table VII are summarized the over- 


Figure 4. Rates of change of voltage at head-ground-wire currents measured near 
132-kv stations of the Appalachian Electric stations in 1940 to 1943, inclusive, a total 
Power Company, 589 records, 1939 to 1943, of 133 readings. The maximum current 

inclusive recorded was 36,000 amperes with 50 per 


Figure 6 (right). 
Currents in lightning 
strokes; 2,721 rec- 
ords from 11 lines 
66 to 220 kv on five 
systems, 1933 to 
1943, inclusive; and 
for comparison, data 
on 734 strokes from 
seven lines on four 
systems, 1933 to 
1936, inclusive’ 


CURRENT —THOUSANDS OF AMPERES 


526-6 


ie} 10 20 30 40 50 60 70 80 90 100 


PERCENTAGE OF RECORDS AT LEAST EQUAL TO ORDINATE 
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Table vi 
Range of 


Current, 
Amperes 
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{ 
Table VIII. Line-Conductor Current at Stations, 1940-1943, Inclusive 
$ Popeslcenicn Electric Power Sy) ety Sysem 
Range of No. at or Percentage 
Current, — Above at or Above 
Amperes 1940 1941 1942 1943 Total Level Level 
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115500..%,, st Te PU act 6 VRS ere ig rete Cane Sere Pane Ts eae fea Oe sv 0.35 
‘Potal pee oan 104 Rea (pe rah ae BSR tree mee SON at cone 290 
Maximum..... 11,5005 =... 5,000..... S p00 ee 8,000 


cent of all records at least equal to 2,200 
amperes. 

In the four years 1940 to 1943, inclu- 
sive, 290 records were obtained of line- 
conductor current adjacent to stations. 
The data are given in Table VIII. The 
maximum current recorded was 11,500 
amperes, and 50 per cent of all the rec- 
ords were at least equal to 1,800 amperes. 

In Table IX are given the records of 
station-arrester current for the four years 
and five stations under investigation. 
There were 124 records in all. These 
data are plotted in Figure 5, with am- 
peres as ordinates and per cent of records 
at least equal to the ordinates as abscissas. 
The maximum arrester current recorded 
is 3,600 amperes, with 50 per cent of the 
records at least equal to 400 amperes. 

Contrast these data with the curve on 
Figure 5, reproduced from a paper by 
McEachron and MeMorris.6 This curve 
was plotted from 1,608 records obtained 
from 1934 to 1937 on distribution circuits 


The maximum current recorded was 
something above 25,000 amperes with 50 
per cent of all the records less than 1,300 
amperes. 

These distribution circuits are exposed 
to direct strokes of lightning, and the 


arresters are as a rule near the stroke. 


On the other hand, the stations in our 
investigation are shielded from direct 
strokes and are only subject to traveling 
waves, so that the duty on the arresters 
is comparatively mild. 

Gross and McMorris* have recorded 
currents in station arresters of 22- and 
33-kv lines up to 12,000 and 15,000 am- 


Figure 7. Currents in 
towers, 2,721 records 


‘rester current on. lines of t 


7,400 amperes through one of the 


whiere. hie conductors 3 . 
shielded. Th mai re 


plotted rain ‘450 re r 


11 to 1382 ky, ‘obtained eae 


} 1936 to eee De 


kv stations, ithng ue one 70 
1942, inclusive. A total of 53 records 
obtained, the maximum current: 


arresters. Six per cent of the discharges 
exceeded 2,700 amperes, and 66 per cent 


were less than 1,000 amperes. 


Lightning Current in es and 
Strokes 


In Figure 1 of reference 1, cumulative 
curves of tower and probable stroke cur- 
rent were given for 734 strokes, occurring 
during the years 1933 to 1936, inclusive. 
These data were secured on the Wallen-. 
paupack-—Siégfried 220-kv line of the 
Pennsylvania Power and Light Com- 
pany;" Glenlyn-Roanoke 132-kv line 
of the Appalachian Electric Power Com- 
pany;!? Philadelphia—Delaware Stateline 
66-kv line of the Philadelphia Electric 
Company; and a group of Pennsylvania 
Water and Power Company lines, namely: 
Safe Harbor—Westport-Takoma 220-kv 
line, Safe Harbor—Perryville 132-kv line, 
Holtwood-—Coatesville 66-kv line ang 
Holtwood—York 66-kv line.'% 

Columns 2, 3, and 4 of Table X of the 
present paper give the data from which 
the stroke-current curve of Figure 1, 
reference 1, was plotted, and columns 2, 
38, and 4 of Table XI, the data from 
which the tower-current curve was 
plotted. 

Since 1936 a large amount of additional 
data have been accumulated on the 
Pennsylvania Water and. Power Com- 
pany’s lines, including, in addition to the 
lines previously listed, the Safe Harbor- 
Riverside 220-kv, the Holtwood—Balti- 
more 66-kv, and the Philadelphia Road— 
Gunpowder 110-kv lines;!4 also, on the 


| 


i 


from 11 lines 66 to 
220 kv on five sys- 


tems, 1933 to 1943, 


Oo Oo 
= 


inclusive; and for com- 


£ OD OO 
(eo) 


parison, data on 734 


iY) 
oO 


CURRENT — THOUSANDS 
OF AMPERES 


strokes from seven lines 


of four companies, ranging from 120/240 on four systems, 1933 0 SSS 
0 > 10 220 ae __ 50°, 60.1. 70 60... 90. "0G 


to 24,000 volts, both urban and rural. to 1936, inclusive’, 


PERCENTAGE OF RECORDS AT LEAST EQUAL TO ORDINATE 
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rent curve — reference | het Ns 


current ere tot column ve Tab! 
_ 2,721 strokes. hin 


- 10,000-ampere range was plotted as or- 


Me somewhat under the old curves.. 


sere bandh: in ce ithest 


“In reference 1, the average of each cl a 


“as 


dinate, whereas in the present paper 
lower limit of each range is plotted. 
will be noted that the new curves fall 


In the data of reference 1, of the 734 
strokes 685 or 93.3 per cent were negative, 
and 49 or 6.7 per cent were positive. In 
the more extensive data of the 2, ye Ee 
strokes, 2,235 or 82.1 per cent were nega- 
tive and 486 or 17.9 per cent positive. = ie ¥ 

The maximum negative-stroke cur- 
rent in both the old and present data was 
218,000 amperes: The maximum posi- — 
tive-stroke current in the old data was 
193,000 amperes, and in the more ex- 
tensive data 212,000 amperes. The 
maximum current in individual towersin 
both the old and present data is 132,000 
amperes negative, and 100,000 amperes 
positive. While the percentage of positive 
strokes is small, occasionally there is a 
positive stroke of very high magnitude. 


Distribution of Current in 
Counterpoise and Driven Rods 


In a paper by the present authors, in 
collaboration with J. G. Hemstreet,? a 
comparison was made between the cur- 
rent picked up under lightning-surge con- 
ditions by driven rods and by counter- 
poise wires, both parallel to the line and 
at right angles to the line. The results of 


Table XIA. Current Pickup at Towers 7717, 
7716, and 7718 


Right-Angle : 
Tower Counterpoise, Driven Rod, 
No. Amperes Amperes 
7 CLO a ctetaw putes OM iteevsrerery 3,400 
BMT atest availseistate 5; 200) sAgiiisl area 14,300 
vif imacdatedhc PRS Loaiaratetd aig At 9,600 
Motal'y ccrsteie ores 7, 500+. ....0.0005 27,300 


* Link missing on east side of tower. 
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six strokes to the Consumers’ Power Hentadele counterpoise and driven rota relation between tower current al ; 
Company 140-kv N-14 line occurring The stroke contacted the overhead potential from tower to probe rod six feet 
in the years 1937 to 1941, inclusive, were ground wire just north of tower 7717, and away from the tower was secured only ag 
analyzed. In the years 1942 and 1943 current was picked up and fed into the two towers in stroke 18. 
three additional strokes took place to stroke at this tower and the adjacent Table XII repeats the information cod 
this line. These will be discussed briefly. towers 7716 and 7718. Table XIA shows six strokes and nine towers ‘first given in 
Stroke 14, Some time prior to May the current pickup at these towers. Table XVI of reference 3, and also gives 
5, 1942, a stroke hit the ground near As in the previously reported strokes, the information for the two towers in 
tower 7666 in, section A, equipped with the driven rod picked up about 80 per stroke 18. In addition, there are given 
parallel continuous counterpoise and cent of the current, with the other 20 per y 
right-angle counterpoise. Current flowed cent coming in on the right-angle counter- in which the readings of voltage between 
into the stroke over the continuous coun- _ poise. the tower and probe rod were uncertain, | 
terpoise and overhead ground wire from Stroke 16. This stroke occurred on because the lightning-stroke-recorder film 
two spans each side of tower 7666. At September 6, 1943, in section C (right- flashed over. However, since we know 
tower 7666 the following conditions pre- angle counterpoise and driven rods). the flashover voltage of the film, we can | 


vailed: The stroke occurred to the overhead put this voltage down as a minimum value 
ground wire between towers 7717 and and figure out the ratio of R;/Rn, knowing | 
Toward, tower 7666: 7718, and the overhead ground wire that the actual ratio is somewhat greater | / 
From overhead ground brought in current from a distance of five than the value given. Data also are in- 
WIC. eee eee eee eee es 8,600 amperes to six towers each side of the point of cluded on one additional tower for stroke. 
Bee eeeg ont stroke. The total pickup by the counter-- 7 and two additional towers for stroke 
SEE Ma Hern Bee 7,300 amperes ,oise and driven-rod system was about 11, which were omitted previously, be- 
BOR Pentangle coun 111,000 amperes, of which 82,000 am- cause the lightning-stroke-recorder read- 
CETPOISers ceva dee sae ace 1,000 amperes , : ous : | 
peres, or 74 per cent, came in by way of ing in each case was just a trace. Values : 
Total. .... 50. ssnee ees 16,900 amperes the driven rods, and 29,000 amperes, or of five and seven kilovolts have been as- | 
Away from tower 7666: 26 per cent, by Art of oe eee ee to the traces and the readings in- 
Cen counterpoise, neglecting the smallamount cluded. | 
Mounterpisetovard via the tower footings. This gives a total of 22 readings, which — 
stroke to ground ....—16 000 amperes can be considered good data or support-_ 
Voltage Gradient in Vicinity of ing data. Seventy-seven readings were 

Similar occurrences have been noted Towers rejected because either the current or 
from time to time on the Pennsylvania voltage readings were missing or doubtful. 


Power and Light Company 220-kv line There were tio strokes in 1942 to the Figure 2 of reference 3 is redrawn as 

and the 100-kv line of the Public Service section of the 140-kv 7-20 line of the Con- Figure 8 in this paper, with the nine 
Company of Colorado. The transmission sumers’ Power Company equipped to original points, five additional good 

system, that is, overhead ground wire measure voltage gradient in the vicinity points, and eight points which are uncer- 
and counterpoise or counterpoise alone, of towers. Two strokes occurred in this tain as to ratio of R;/R,, except that we 

has acted as a carrier to gather in the section on September 6, 1943, stroke 17 know the ratio is greater than the plotted 

current for the stroke at one side of the to the overhead ground wire between value. The drawn curve is actually the 

transmission line. towers 4405 and 4406 and stroke 18 at sameas that given in Figure 2 of reference 

Stroke 15. This stroke occurred in tower 4411. Readings were obtained at 3, the additional points only serving to 
April 1943 in section C, equipped with five towers in each stroke, but good cor- tie the curve down a little more firmly. 


Table XII. Surge Resistance of Tower Footings 


Consumers Power Company 140-Kv, 7-20 Line 


4 5 6 8 
RN, Ir RnIt, Vi, 9 
Tower- Total Tower 7 Tower Rs, 10 
2 3 Footing Tower Potential Vu; Potential, Surge Rs/Rn, 
1 Stroke Tower Resistance, Current, (4)x(5), Tower-to-Probe (7)x(2.5) Resistance, (9)/(4), 
Date No. No. Ohms Amperes Ky Potential, Ky Kv (8)/(5), Ohms Ratio 
A393) (7 OMirta cists OOichs Nese 2 Q00% save ierte BOR A Sao a, CA ee Eee LT Oko canes 8.75 (eeltetlde 0.265 
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O/TVE/1986% Ne ca se Tae ASOGi Pers ats arch DO cuetiah tater 2 ,S00e sicete 129) Meyer okencversetee SO EAE eet comters TBA os eile sarees 32\,6: <rie ctenaks 0.582 + 
ALOS Ne. heey L260 Sricen tes 9: 20013 eres UU OUD Me tetera cs 40: - e ete ae LOO eet ees LOVSS a nee oe 0.0086 + 
ALAS Wane SUG een oe 12, 900s eeee LO 2C ae as 40 44; Aiea toe LOOsRE gf eee LAW H Pa ere ch 0.0095+" 
ALO 5 CPR wdohecia DSTA. heen 12300 saree U4 600% Psion ers cata AOE ss ee LO0KE a eee 6.8612 ae eietie 0.00584 
ALS PGMs. roa (AD SS ORS Arcot 13400 Wee ee 1s (ele Shey oy MER ae BOARS ae tees (iS ae Oo SLOc dasa 0.138 + 
BATS AS 5, c= ayunte 266 viru eee 9,500 QO2T © acest aries LOO A Hiate es eee 250+... 2. 26 35 - s vidal 0.099 + 
C/A/N 9ST Petanie tires Secor 1 P4008 4 Gite ste he YAsleicy Sear 60;000). . 4. ae. S700! Stns sere wants LOO sk aebanbeok PALO heer yy eer 5 te ten 0.067 + 
AAO ce eli a2 TD. BS oU0R ete bit BOM rr tesokinetat s Eta calotuenee 1 TR SPW es i ae 3.8 .0.254* 
5/2TP19BS re tois on bcte os nes Ca A408) 0 chitin td < WO tes oateetempll WOO caters STE tas Stee WOO Lee scat eens AUG ities 40:68 \Fae fee 0.542* 
B/ 27S NOSS trike one 10s for ee { 4400**.. 0.0... 1299 oer ree, COU sien WZ GOO pe wlsromiei tees 280 or ea. eras COU U WS Se dyes BLL ei eeettae 0.039* 
ABOU. Soe Tae O42 x. Meacteslee 6, 800% ap. re ek. 6406 shee U7 OP rstagtiare ate eter 425 «ks Ge 62255," sec 0.066* 
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T/BO/ UGE. ois an Sire SAN hat tars LP wyi-ae the ce AD,600 sisal DOS ie aly, eee DOON TS «Var, ue aes BOD 22 05 aoe 122 nes ae 0.935* 
9/6/1943. ct. (Sollee CATS Ue ee TA. Speke AO AOC eT em LAG Geo eake. 1820. tae ces 45? Oh te a 433 Fcc 2 ree 
4412. Idiveeh ee {K900Rs 154 7 a nae S768 04 05 ee: 94.5. l aes 7.95) ish 2.208612 


Total tower current (column 5) assumed 1.5 times measured current in tower legs, to take care of cross-member current. 


* From Table XVI of reference 3. ** Flashover all three phases. 
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Figure 8. Ratio of surge resistance during 


natural lightning strokes to normal tower- 
footing resistance plotted against product of 
current and normal footing resistance 


Additional probe rods were driven in 
1943 at a distance of 12 feet from the 
tower. These, like the original rods six 


- feet from the tower, were driven five feet 


deep. Lightning-stroke recorders were 
mounted on the first set of probe rods and 
coupled by voltage divider between the 
rods, so that surge voltages between the 
rods would be read. 

Two good records were obtained in 
1943. Several other simultaneous read- 
ings were obtained of voltage between 
tower and first probe rod and between 
first and second probe rods, but no read; 
ings or uncertain readings of tower cur- 
rent. No attempt will be made to ana- 
lyze these readings until further reliable 
data have been accumulated. 


Conclusions 


1. Rate of change of voltage has been 
measured at five stations on the 132-kv 
system of the Appalachian Electric Power 
Company over a five-year period. The 
highest measured rate of change was 550 kv 
per microsecond, with 50 per cent at least 
equal to 100 kv per microsecond. These 
data should have an important bearing on 
fixing a reasonable front-of-wave test for 
apparatus. 


2. Voltages up to 525 kv were measured 
on 132-kyv station busses over a four-year 
period. This voltage is limited by the line 
and bus insulation, the lightning arresters, 
and the station surge impedance. 


8. Currents up to 36,000 amperes were 
measured in overhead ground wires near 
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© (9) Original points, Figure 2, reference 3 
® (5) Additional good points 

6 (8) Points which are probably low 
because lightning-stroke recorder flashed over 


stations and up to 11,500 amperes in line 
conductors of 182-kv lines over a four-year 
period. On a well shielded line, direct 
strokes are intercepted by the overhead 
ground wires, and current gets onto the con- 
ductors only through flashover of the line 
insulators or the protective tubes. The 
conductor-current magnitude is further 
modified by the outgoing lines and arresters. 


4. Currents up to 3,600 amperes were 
measured in station arresters on 132-kv 
lines over a four-year period. This value 
should be contrasted with a current of 
25,000 amperes measured in distribution- 
circuit arresters,’ and 15,000 amperes in 
low-voltage-transmission-circuit arresters.? 
It appears that in stations with well-shielded 
incoming lines both voltage and ‘current 
magnitudes are of very moderate values. 


5. Stroke-current and tower-current data 
are available from 11 lines,of five com- 
panies, gathered during a period of 11 years 
and totaling 2,721 strokes. The maximum 
stroke current was 218,000 amperes and the 
maximum tower current 182,000 amperes. 
Of the total strokes 82 per cent were nega- 
tive and 18 per cent positive. 


6. <A few additional readings are available 
from the setup on the 140-kv system of the 
Consumers’ Power Company, designed to 
evaluate the surge resistance of towers. 
These data tend to anchor somewhat more 
firmly the curve first given as Figure 2 of 
reference 3 and to reinforce the conclusions 
previously drawn that the ratio of surge 
tower-footing resistance to normal tower- 
footing resistance decreases with increased 
current and increased resistance, and that 
this ratio may be as low as 0.04 for the 
sandy soil conditions and the magnitude of 
resistance and current encountered. 
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A paper by I. W. Gross a Gpeb, 


- Lippert gives further details of the in- 


vestigation on the American Gas and 
Electric Company system;!> another re- 
cent paper is pertinent to our present 
investigation in that it discusses the im- 
pulse characteristics of various types of 
soils and electrodes.1® 
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. SPHE ane growth of a-c arc welding 

fl in the last ten years has resulted in 
-a-c welding becoming a large fraction of 
~ all are welding rather than a negligible 
proportion. As power loads due to a-c 
arc welding become larger, questions arise 
in the minds of users and power-supply 

authorities about power requirements of 


a-c welders and the effect of a-c welders © 


on power circuits. In some instances arc 
welding has been confused with resist- 
ance welding, although the two are en- 

 tirely different from the standpoint of 
- power supply. This paper presents data 


useful for determining the effects of a-c - 


_arc-welding loads on electric power cir- 
i> cuits, 

A-c are welders may ae divided into 
_ two general types—industrial welders and 

utility welders. For industrial service, 
welders must be suitable for high-speed 
high-quality welding, must be designed 
for quick and easy arc starting, and must 
be usable with long welding leads. This 
requires fairly high open-circuit voltage 
for easy arc starting and stability of cur- 
rent. Industrial welders generally in- 
elude capacitors for power-factor cor- 
rection. Utility welders are built in low- 
current ratings, usually 200 amperes and 
below and are characterized by low'open- 
circuit voltage, low kilovolt-ampere de- 
mand, simplicity of construction, and 
low cost. They are intended for use in 
small shops for repair work where their 
slow arc starting, slow operation, and cur- 
rent variation with arc length are not too 
objectionable. 

High - reactance transformer - type 
single-operator welders are used almost 
universally for a-c welding. They are 
two-winding transformers, not autotrans- 
formers, for obvious reasons of safety. 
A-c are welders are rated in terms of weld- 
ing amperes rather than kilovolt-amperes. 


Industrial-Duty Welders 


Industrial-duty welders are built for 
primary power circuits of 220-, 440-, or 
550-volt rating and step down the volt- 
age to approximately 75. Although 
voltages as high as 100 have been used, 
industrial-duty welders generally range 
from 70 to 80 volts open circuit. In- 
cluded in the welder is an adjustable re- 


Paper 45-28, recommended by the AIEE committee 
on electric welding for presentation at the AIEE 
winter technical meeting, New York, N. Y., Janu- 
ary 22-26, 1945. Manuscript submitted Novem- 
ber 22, 1944; made available for printing Decem- 
ber 11, 1944, 
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the General Electric Company, Mr. Welch in Pitts- 
field, Mass., and Mr. Wyer ih Schenectady, N. Y. 
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actance, eoreceae as a separate. reactor wel or 


- but more often the reactance is incorpo- 


rated in the transformer. The reactance 
absorbs the voltage difference between 


the 75 volts open circuit and the 20 to 
40 volts of the welding arc and furnishes 


the necessary impedance to stabilize the 
The voltage drop in the reactance 
adds vectorially in quadrature to the 
equivalent resistance voltage of the arc 
With 
usual arc voltages permitted by metallic- 
welding electrodes and with the usual 
open-circuit voltages, the reactance volt- 
age is 75 to 85 per cent of open-circuit 
voltage and, during the start of a weld 
with the electrode short-circuited, is 
equal to 100 per cent. Adjustment of the 
reactance therefore permits accurate con- 
trol of welding current because the react- 
ance is the largest impedance in the cir- 
cuit. 

The usual ampere ratings for industrial 


hand welding are 200, 300, 400, and 500. 


amperes. The usual range of output is 
from 20 per cent to 125 per cent of the 
rating. The adjustment above 100 per 
cent not only permits occasional short 
jobs to be done at higher than rated cur- 
rent, but, even more important, it per- 
mits welding to be done at rated current 
with welding leads as long as 150 feet. 

Figure 1 shows a simple equivalent cir- 
cuit of an arc-welding transformer. The 
capacitors, shown dotted, generally are 
included in heavy-duty industrial welders 
to improve power factor and reduce cur- 
rent demand from the primary circuit. 
The vector diagram of primary voltage 
and current in an a-c arc welder illus- 
trates the effect of capacitors in reducing 
current and improving power factor. 
Figure 2 shows kilovolt-ampetre input and 
power factor of 300-ampere a-c welders 
with and without power-factor correction. 

Welders with built-in power-factor 
correction generally are designed to op- 
erate at 0.75 to 0.85 power factor at rated 
load. The power factor becomes unity 
at approximately half load, and the pri- 
mary cutrent is leading at lighter loads 
and at no load. This leading current is 
often useful for improving the over-all 
power factor of the primary circuit when 
other low-power-factor equipments such 
as motors are connected to the same cir- 
cuit. 

Where large numbers of high-power- 
factor welders are connected to a single 
circuit and where welding loads are such 
that the majority operate idle or lightly 
loaded, the total leading current may 
become undesirably high. In such cases 
automatic voltage-reducing controls(Idle- 
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has the choice of operat: 
pacitors permanently ce 


operating eoneaetiate ” The eae ck P 
later in the paper under duty factor may — 
be used as a guide to determine the pref} 4 
erable connection. 
Figure 4 shows secendaen volt-ampere_ 
curves of a typical industrial a-c are 
welder. Each curve applies for one set-— 
ting of the control reactance. Most in- : 
dustrial welders have stepless adiost® 
ment of reactance so that there is an in-— 
finite number of these curves between 
minimum and maximum. 


i 


ye. 


EFFECT OF PRIMARY-VOLTAGE 
VARIATION 


e 


A-c welder rated input current and 
kilovolt-amperes are based upon operation — 
at rated primary voltage: 220, 440, or 550 : 
volts: Many industrial circuits actually — 
operate at average levels higher than } 


| 
* 
| 


these nominal values, often at 110 per 
cent. Figure 5 shows how the primary — 
kilovolt-ampere input is increased by 
overvoltage. The curves are based on | 
maintained rated secondary load. The — 
are voltage will stay constant as deter- — 
mined by the electrode and length of 
arc, but with increasing primary voltage 
it will be necessary to readjust the cur- 
rent control to prevent current from in- 
creasing. With constant secondary cur- 
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Figure 1. A-c-arc-welder equivalent circuit 


and vector diagram 
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_ and the higher open-circuit voltage. 

_ high-power-factor welder the capacitor 

_ kilovolt-amperes increase as the square 
~ of the voltage and more than balance the 


current Tuned by the eat ae core. 


Therefore, the kilovolt-ampere input { 
_ low-power-factor welder i increases as fine 
primary voltage increases, the increase 


‘ cite principally the extra reactive kilo- 
- volt-amperes required to absorb the dif- 
_ ference between the fixed-load voltage 


Ina 


increase of inductive kilovolt-amperes so 


that the current input decreases as the 
voltage increases. 


_No-Loap SwitcHING TRANSIENTS IN 
A-C Arc WELDERS 


Figure 6 shows transient primary volt- 
ages and currents which occur when ap- 
plying or removing excitation with no 
load on the secondary circuit. These tests 
were made on a standard welder rated 550 
primary volts, 500 amperes secondary 
current, rated welder with and without 
power factor * correcting capacitors. 
Switching was done with a standard 600- 


volt safety switch of snap-action type. 
_ Power supply was one-phase of a 550-volt 
- two-phase 60-cycle 600-kva shop circuit 


used principally for power supply to 


motor-driven machine tools in a machine 
shop. The impedance of the supply cir- 
cuit was such that the voltage drop at the 
welder primary terminals, when loaded 
at 500 amperes secondary current, meas- 
ured approximately two per cent. 
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Figure 2. Input kilovolt-amperes and power 
factor of an industrial 300-ampere a-c welder 
at standard 40-volt load 


A—Low-power-factor welder 
B—High-power-factor welder 
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The magnitude of the 
surge depends upon the design of the 
transformer. A welder consisting of a 
low-reactance transformer with separate 
secondary reactor may have very large 
instantaneous-current surges up to per- 
haps 20 times normal primary-load cur- 
rent. High-reactance transformers gen- 
erally draw low inrush currents due to 
the high reactance of the primary winding. 
The highest crest current measured on 
the high-reactance welder previously re- 
ferred to was two times the crest of nor- 
mal rated current, although calculations 
indicate as much as three times might 
occur, if the circuit were closed at ex- 
actly voltage zero. Inrush-current peaks 
of this magnitude die down rapidly and 
have usually no noticeable effect on the 
primary circuit. They cause much less 
voltage drop in primary circuits than the 
starting of an equivalent motor. 

When a high-power-factor welder is 
switched on the line, a surge current may 
flow in the capacitors as shown in the 
oscillogram of Figure 6B. Currents ap- 
proaching five times normal have been 
measured, but the duration of the cur- 
rent flow is so short—generally less than 
0.001 second—that the effect on the pri- 
mary circuit is negligible. Instantaneous 
overvoltages of 25 per cent above normal 
have been measured of the same short 
duration. 

Switching-off excitation of a low-power- 
factor welder may result in a transient- 
voltage rise as will be seen in Figure 6A. 
This voltage depends upon the speed at 
which the switch can interrupt the excit- 
ing current. High-speed snap-action 
switches may cut off current so rapidly 
that the inductive kick can cause consid- 
erable voltage rise. A rise 84 per cent 
above normal was measured on this 
welder. 

Oscillograms of switching-off excitation 
from a high-power-factor welder show 
that, as would be expected, the capaci- 
tors completely eliminate overvoltage. 
(See Figure 6B.) The energy storage 
capacity of the capacitors is so high that 
any stored inductive energy in the trans- 
former core cannot affect the capacitor 
voltage measurably. After removal of 
excitation, the capacitors discharge slowly 
through the transformer winding, oscil- 
lating at a decreasing frequency because 
of the nonlinear characteristic of the 
transformer core. 


SwiTcHING oF ARC WELDERS WHEN 
LOADED 


Starting and finishing a weld switches 
the load on the secondary side of the 
welder. It will be seen from the curves 
of Figure 4 that a reactance-controlled 
industrial welder limits the short-circuit 
current at the start of a weld to a value 
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{ An eregent surge of ecetues eee oc- 
curs when any transformer is switched 
on a power line, unless the switch is 
- closed at very nearly the instant of maxi- 
mum voltage. 
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Figure 3. A-c arc welder with automatic 5 


voltage-reducing (Idlematic) control 
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not much higher than normal welding - 
‘current. There also may be a transient — 


= 
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overcurrent for one or two cycles of the — 
type caused by switching a reactive load — 


on an a-c line. 


However, the resistance — 


of the electrode, its corttact resistance, — 


and the resistance of the eee cable 
and transformer are large enou 

the transient overcurrent toa iy value, 
usually much less than 1.5 times the 
steady-state current. Therefore, starting 
a welding arc does not result in large cur- 
rent surges. A typical oscillogram of 
welding current and arc voltage in Figure 


to hold — 


7 shows that neither starting nor ex- — 


tinguishing a welding are causes ob- 
jectionable transients. Starting the arc 
can cause momentary currents seldom 
exceeding approximately 1.5 times nor- 
mal. 
withdrawing the electrode is a slow proc- 
ess requiring several cycles, so that the 
current and voltage in the reactance de- 
crease gradually and no overvoltage oc- 
curs. 

The additional oscillograms of Figure 
8 show primary and secondary voltages 


Extinguishing the welding arc by . 


and currents occurring when a welding © 


arc is started and stopped at various 
loads. Figure 8A shows start and finish 
of a 300-ampere welding load on a low- 
power-factor welder. Figure 8B shows a 


500-ampere load on a high-power-factor - 


welder. Figure 8C is included to show 
that at loads less than half rating the load 
current of a high-power-factor, welder 
may be less than no-load current. This 
also is shown by the curves of Figure 2. 
As will be seen from these oscillograms, 
the transition from leading no-load cur- 
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Figure 4. Output volt-ampere curves of 
300-ampere industrial welder 
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Pied ; The Reeth. eae is ex- 
| from the control at reduced voltage 
proximately 30 volts. 
ele ctrode is touched to the work, the 


“Zero, and the control voltage is impressed 
on the contactor coil. When the con- 
tor closes, it connects the welding load 
and the capacitors simultaneously to the 
i Pe The control is designed so that the 
contactor holds in, as long as welding 
load is maintained. When the welding 
are is extinguished, normal open-circuit 
_ voltage appears on the secondary circuit 
_ for about two cycles at which time the 
— eontactor drops out disconnecting the 
capacitors and welder primary and re- 
ducing secondary voltage to normal 
' idling voltage. The capacitors are dis- 
charged automatically through a dis- 
_ charge resistor. Overvoltage from switch- 
ing off the welder exciting current is pre- 
__vented by the control circuit which con- 
 nects the welder secondary terminals to a 
resistor before disconnecting the welder 
primary terminals. 
' The two oscillograms in Figure 9 were 
not taken at the same time or set up, 
which accounts for the different scales of 
voltages and currents. The somewhat 


_- rounded top of the secondary voltage in © 


the first oscillogram is caused by the im- 
pedance voltage drop in the long second- 
ary leads used in this test, as voltage 
measurement was made at the trans- 
former not at the arc. The actual wave 
shape of any a-c metallic-welding arc 
voltage is very flat-topped. 


EFFECT OF POWER-FACTOR-CORRECTING 
CAPACITORS ON PRIMARY SWITCHES 


Tests previously described indicate that 
capacitors prevent overvoltage in switch- 
ing unloaded welders off the line. This 


Table | 


Add for Each Welder, Line 
Capacity Equal to the 
Following Percentage of 
Rated Primary Current of 


Numbers of Welders One Welder 
First and second welder............ 100 
‘Phindtwelder sy. jaccacrsieis «a eittarns eres 85 
Fourth welder. tiasc Were vis sade etter. nis 70 
AlvAdaitional AS Mic a hslersMoawis seks OU 
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om in the switch very difficult to inter 
When the rupt. On the other hand, a series of tests — 
‘made on several types of commercial 


elder secondary voltage becomes nearly 


horsepower-rated switches connected to a 
short - circuited power - factor-corrected 
welder indicated that the switches cleared 
the circuit with less disturbance than was 
normal for the same current and power 
factor without capacitors. Apparently, 
the capacitors hold switching-surge volt- 


ages so low that they lessen switch inter- 


rupting duty considerably. 

Capacitor current itself is interrupted 
easily by a switch. Capacitor-current 
surge on closing the switch has not been 
found to cause trouble, as switches used 
with arc welders are capable of closing on 
several times as much current as that 
caused by the amount of capacitance used 
in a welder. 


EFFECT OF CAPACITORS ON EXTERNALLY 
CAUSED SURGE VOLTAGES 


_ Switching-surge overvoltages occur on 
all types of electric power circuits, but 
they are of comparatively high frequency 
and extremely short duration—a few 
thousandths of a second. Although no 
evidence is available to indicate that they 
present a shock hazard to the welding op- 
erator, it is interesting to note that the 
power-factor-correcting capacitors on a 
welder present a very effective barrier to 
high-frequency voltage. 


. PHASE UNBALANCE 


The question of phase unbalance due 
to the application of single-phase welding 
transformer loads occasionally is en- 
countered. This is usually an academic 
question; cases where phase unbalance 
from this source have proved actually 
troublesome are very rare. Perhaps the 
interest in this question arises from con- 
fusion of a-c arc welders, having rela- 
tively low kilovolt-ampere input, with 
resistance welders having relatively large 
kilovolt-ampere input. A good rule of 
thumb says that even without the bal- 


‘ancing effect of polyphase motors run- 


ning on the same line, no troublesome 
voltage unbalance will occur, if the kilo- 
volt-ampere input to the arc-welding 
transformer does not exceed approxi- 
mately half the kilovolt-ampere rating 
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Duty factor is the ratio of arc ae to <ae 
total time under consideration.) Th 
majority of welders are used in manual- 
welding duty, and the following com- 
ments are confined to this class of service. 
Automatic, or machine arc welding, when 
properly applied, involves very high duty 
factors and sometimes relatively long i ins 
tervals of continuous load, so that for 
most purposes it can be considered as con= : 
tinuous duty. 

Basically, the usual vhdaiudl gece 
duty consists of about 1 to 1!/, minutes 
under load, followed by 10 to 15 seconds 
idling, resulting in a short-time duty 
factor of 80 to 90 per cent. However, 
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Figure 6. No-load switching of arc-welding 
transformers 


A—Low-power-factor welder 
B—High-power-factor welder 
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cycle is rarely repeat 
t or ten times before a longer idling 
erval takes place, so that all-day duty 
ors may run as low as ten per cent or 
high as 50 or 60 per cent, depending 
1 the nature of the work. 

Advantage may be taken of these facts 
1 providing electric service for groups of 
‘¢ welders. Table I lists a conservative 
nethod of calculating primary-line ca- 

acity to supply a group of welders. 
This table is usable for either low- 
ower-factor welders or power-factor- 
corrected welders, using in either case the 


actual primary current input when 
delivering rated welding current. Wir- 


ing according to this table will carry, 
without being overloaded, the current 
from 50 per cent of welders operating at 
full load and 50 per cent idling, when low- 
power-factor welders are used, and will 
earry the current from 60 per cent of the 
welders at full load and 40 per cent idling, 
when power-factor-corrected welders with 
permanently connected capacitors are 
used. 
~ Table I also can be used when welders 
are distributed among the phases of a 
three-phase circuit by the following pro- 
cedure: Consider each group of three 
welders connected to the three phases as 
a single unit of current rating 1.73 times 
the primary rating of an individual welder 
and use the table as though the three were 
a single welder. 

A single high-power-factor welder with- 
out Idlematic control, or its equivalent, 
will draw considerable leading-power- 
factor kilovolt-amperes while the welder 
is idling. The maximum 15-minute kilo- 
yolt-ampere demand will depend to a 
considerable extent on the duty factor, 
as well as on the amount of the capacitive 
kilovolt-ampere drawn by the capacitors, 
‘since it will involve a base load drawn 
by the capacitors during idling, plus inter- 
vals of somewhat higher kilovolt-ampere 
load during actual welding. The peak de- 
mand of a single welder will occur during 
the very short intervals when the welder is 
short-circuited in striking the are and 
usually will have a maximum possible 
value of less than twice the kilovolt-am- 
pere input at normal rated load. 

When idlematic control is used, the 
capacitors usually are switched off, along 


with the welder primary, whenever the arc 


is broken. This eliminates the no-load 
capacitive kilovolt-ampere as a factor in 
the maximum kilovolt-ampere demand, 
which then will be some lower value, de- 
pending on the duty factor. 

If a large number of welders without 
-power-factor correction operate as a 
group, diversity begins to influence both 
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maximum demand and peak demand. 
Figure 10 shows the shape of the welding- 
load curve for a group of 238 operators 
in a shipyard. (The recording ammeter 
from which this curve was derived ac- 
tually measured one-seventh of the total 
load, which accounts for the relatively 
low currents indicated.) The average 


load was one-quarter of the connected 


load, indicating an average all-day duty 
factor of 25 per cent. (In this case con- 
nected load is assumed to be the total 
rated input of the number of welders 
eqtial to the number of operators work- 
ing that day.) The 15-minute maximum 
demand was 26 per cent of the connected 
load, and the short-time peak indicated 
on the original ammeter record was only 
30 per cent of the connected load. 
Studies of the load imposed by smaller 
groups of welders show that diversity 
may be expected to reduce the 15-minute 
maximum demand drastically when more 
than four or five units are operating. 


Five units may have only 77 per cent as - 


much maximum demand per unit as: a 
single machine, and 20 units only 65 per 
cent as much. 

Likewise, the peak short-time demand 
per unit will be reduced when sufficient 
numbers of welders are involved. In 
one case it was found that the expected 
peak demand per unit began to decrease 
when the number of welders reached six 
or seven and decreased fairly uniformly 
to about 80 per cent of the single-unit 
peak demand when 50 welders were in- 
cluded in the group. 

With high-power-factor welders not 
equipped with Idlematic control, it is 
possible that the maximum demand may 
be the capacitive no-load kilovolt-amperes 
of the machines. Unless the duty factor 
is unusually high, the maximum demand 
of the group when operating under load 
will be reduced, because the leading 
kilovolt-amperes of those units which are 
idling will cancel all or a part of the lag- 
ging kilovolt-amperes drawn by the 
loaded units. But the capacitive kilo- 
volt-amperes of the entire group may be 
drawn all at once during meal hours or 
rest periods, and this frequently will be 
the determining factor in the 15-minute 
maximum demand. The peak demand 
per unit will be reduced slightly (at nor- 
mal duty factors) by the leading kilovolt- 
amperes of idling units. 


PowER FACTOR 


In the matter of power factor to be ex- 
pected from groups of high-power-factor 
welders, duty factor again plays an im- 
portant part. Unless the capacitors are 
disconnected automatically when weld- 


Figure 7. Secondary 

voltage and current 

in a-c arc-welding 
transformer 
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Figure 8. Oscillograms of currents and — 
voltages during start and finish of a-c arc welds 


A—300-ampere weld on a low-power-factor 
welder 
B—500-ampere weld on a high-power-factor 
welder 
C—150-ampere weld on a 500-ampere 
high-power-factor welder 


ing stops, the capacitive kilovolt-am- 
peres of the idling units is available to 
improve the power factor of the system 
on which they are connected. 

Figure 11 illustrates how power factors 
on various feeders will vary, depending 
on whether or not the capacitors are 
switched off at no load. These data are 
calculated for current designs of 300-am- 
pere welders, the a-c units being equipped 
with ten kilovolt-amperes in capacitors 
and the d-c units being ordinary three- 
phase motor-driven generator sets with- 
out power-factor correction. In the cal- 
culations the welders are assumed to be 
operating on a load of 200 amperes at 30 
volts with a 45 per cent duty factor. If 
the duty factor were higher, the power 
factor of the d-c units would be higher and 
that of the a-c units more lagging. 

By comparing the figure for feeders A 
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Figure 9. Oscillograms of weld on a high- 
power-factor welder with automatic voltage- 


reducing (Idlematic) control 
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Figure 10. Arc-welding-current load drawn — 
by 35 operators of a group of 238, averaging 


160 amperes each. 


Indicated average-duty factor 25 per cent, 


demand factor 26 per cent, peak demand 
1,700 amperes (30 per cent) 


and C, it can be seen that, if the a-c 
welders are on the same line with induc- 
tion-motor-driven d-c welders, the use of 
permanently connected capacitors re- 
duces the average kilovolt-amperes in the 
feeder and so improves the power factor. 
But if only a-c welders are on the feeder, 
then automatic disconnection of the 
capacitors is preferable. The latter is 
also true from the point of view of the 
total load drawn by all three of the feed- 
ers illustrated. 


INCOMING POWER 


(D) | 


WITH 
CAPACITORS 
PERMANENTLY 
CONNECTED 


]  mittent nature of 


3PM 


tors indicate. that 


possible primary kilovolt-a 


factor high. The use ‘of very low open-_ 
circuit voltage accomplishes both ends 


by reducing the kilovolt-ampere demand 


and by increasing the ratio of arc voltage 


to open-circuit voltage, thus increasing 
the power factor. Open-circuit voltages 
«in the range of 40 to 60 volts are ade- 
quate for maintenance of a stable welding 
arc at low currents with present-day 
heavily coated a-c welding electrodes, 
although arc starting may be difficult 
and time-consuming, particularly when 


welding on clean smooth sheet steel. 


Another desirable design feature is 
strict limitation of the maximum obtain- 


able output to prevent overload on the 


power circuit. The overtravel of current 
adjustment normally included in indus- 
trial welders is not necessary in utility 
welders, because there is less need for 


Figure 11. Typical 
load conditions on 
feeders supplying 
300-ampere welders 
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Utility Welders 


Usual ratings for utility-duty welders 
are 100, 150, and 200 amperes, although 
some, both larger and smaller, are used. 
The primary power source for such 
welders is generally 230 volts, as circuits 
of 460-volt rating are seldom available in 
locations where utility welders are used 
and 115-volt circuits rarely have suffi- 
cient current capacity. Because circuits 
on which utility welders are used are 
small and often serve lighting loads, it is 
important to keep the demand of the 
welder low to avoid excessive regulation 
and flicker of lights. Heating of power 
supply circuits and transformers seldom 
will be important because of the inter- 
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Welch, Wye 


operating at 200 
amperes 30 volts, 
0.45 duty factor 
from one load-center 
substation 


long welding leads and high output. 
Large welds for repair of heavy metal 
sections always can be made by multiple 
passes. 

The characteristics of a design which 
might be suggested by the preceding dis- 
cussion are shown in Figure 12. Such a 
welder would be suitable for operating 
standard one-eighth-inch a-c steel weld- 
ing electrodes, and thus would be suit- 
able for most repair welding. Its nominal 
rating probably would be 100 amperes 
based on the customary standard of 30- 
volt are. The actual output would be 
about 120 amperes, if a 25-volt arc is 
held on the maximum setting. 

The curves of kilovolt-ampere demand, 
power factor, and regulation apply only 


_ Figure 12. Utility-welder volttampeaed ve 


when welder is operating at maximum settir 


kva. 
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with curves of regulation of power soure 
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A—Three-kilovolt-ampere distribution tra 
former — 

B--Five-kilovolt-ampere distribution 
former — 

C—49-mile 6,900-volt ial line of 30 | 
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to the maximum setting of the welde: 
demand and regulation will, of course 
decrease at reduced current setting 
The line-regulation curve is based on 
line likely to be found in rural area: 
Power lines in urban areas would hav 
less regulation. 


It should be appreciated that th 
points shown by the curves at zero-loa 
volts occur only momentarily, when th 
electrode is touched to the work to star 
the arc. 


The maximum 15-minute demand of 
welder of this design would not exceed 3. 
A consumer supplied at 230 volt 
from an individual distribution trans 
former large enough to handle an electri 
range would not require additional trans 
former capacity to supply the welde 
This is based on the assumption that th 
consumer will tolerate light flicker o: 
his premises caused by his own weldin 
load, since he is not likely to operate th 
welder many hours per year during hour 
that lights are on. It is not feasible a 
present to generalize upon regulatio: 
problems on systems where several con 
sumers are served from a common dis 
tribution secondary circuit because ¢ 
variation of circuit design used in differen 
localities. 
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= HE Dodge Chicago plant was built to 
-— manufacture airplane engines for su- 
‘perbombers and the entire project was 
esigned exclusively for that one purpose. 
e plan called for much more than the 
stial assembly of parts, as it was the 
ntent that this plant make practically 
verything from castings on through to 
he finished motor. Accordingly, there 
aluminum and magnesium foundries, 
forge, heat-treat, and machine shops as 
well as assembly and testing buildings. 
“There are 19 principal buildings with 
‘their pernndes use broadly indicated by 
their names. The site covers over a 
~A list of the equipment in these build- 
gs gives us the connected load, but the 
use factors for this equipment in each 


in order to obtain the power required. 
3 ortunately, when the illumination level 
and type of lamp were selected for an 
area, it was straightforward arithmetic to 
‘determine the lighting load, as it is con- 
sidered 100 per cent load factor; but the 
“power demand was much more difficult to 
‘determine. The machine shop, our 
building 4, for example, being the largest 
one-floor building in the world, covers 
over 80 acres and contains over 6,000 pro- 
duction machine tools as well as heat- 
treat, plating, battery charging, convey- 
ots, air-conditioning, building utilities 
-and countless other special features. The 
estimate for machine demand for all of 
the buildings is shown in Table I. 
At the center of each area of approxi- 
‘mately 2,000 kva a double-ended unit 
substation is placed consisting of two 
1,000-kva three-phase 12,000/480-volt 
transformers and their associated circuit 
breakers, each feeding a group of radial 
distribution circuits of approximately 400 
to 600 amperes. The 480-volt bus may 
be paralleled to give service on any cir- 
‘cuit in case of emergency by opening one 
secondary line breaker and closing a tie 
‘breaker. The transformers with their as- 
sociated feeder circuits normally are oper- 


‘Paper 45-21, recommended by the AIEE com- 


mittee on industrial power applications for pres- 
‘entation at the AIEE winter technical meeting, 
New York, N. Y., January 22-26, 1945. Manu- 
script subpvitted October 30, 1944; made available 
for printing December 5, 1944. 


E. L. Barrey is staff electrical engineer in the staff 
master mechanic’s department, Chrysler Corpora- 
tion, Highland Park, Mich. 


Marcu 1945, Votume 64 


near Chicago | Plant’ Ss SFlecuie-Power- 
Distribution Scheme With Airplane- 


- Engine-Testing. Power Recovery 


’ each cable. 


area had to be determined and assigned | 
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ated with the tie breaker open, as one 
approaches very close to the limit of the 
rupturing capacity on the circuit break- 


- ers when the tie breaker is closed. The 


primary feeds for the two transformers in 
one substation come from different ca- 
bles, but there are five transformers on 
By this means a dual primary 
feed on each substation area is obtained, 
but aseparate primary-switch position is 
not tied up foreach transformer. There is 
some variation from this plan as some loca- 
tions did not warrant the installation of 
two transformers, in which case only 
one was installed with a throw-over pri- 
mary feed where the operation of the cir- 
cuit was considered important. The 
lighting of about 12,000 kw is supplied 
from the same substations through 50- 
kva air-cooled transformers (480 volt to 
120/240 volt) properly disposed through- 
out the areas. Combination high-inten- 
sity tungsten units are used for the general 
lighting of about 25 foot-candles, aug- 
mented by fluorescent or individual tung- 
sten units for the more critical visual 
tasks. Fluorescent lamps are used in the 
offices. 

From all these data approximately 
90,000-kva connected load was estimated 
with 39,000-kw probable maximum de- 
mand for the plant. However, originally 
it was provided with only 30,000-kva 
feed from two 15,000-kva 33-kv circuits 
in order that it would not be overequipped 
for power supply. A curve of the estt- 
mated load per month was laid out for 
contact with the public utility company so 
that it could provide facilities required 
for the plant as the load grew. It was 
with some temerity that such a curve was 
given, but subsequent experience has 


been gratifying, as there was not too 
much divergence from it for many 
months. 
loads indicated that a third 15,000-kva_ 
line would be required. It is now installed 
along with step-type voltage regulators so 
that now a 45,000-kva power supply is on 


a firm basis. 


Power-Recovery Engine Test 


When the production engine-test equip- 
ment was being considered, it was imme- 
diately evident that the output of these 
engines, being over 2,200 horsepower, 
would require very substantial equip- 
ment. Further, the amount of power 
seemed worthwhile salvaging if possible. 
The engine test requires that the engine 
be loaded under all conditions of speed 
and torque that might be expected in 
flight. 

There are at least four commonly ac- 
cepted plans for loading airplane engines 
for test. One is simply to install a special 
propeller or club on to the engine and 
arrange suitable air-control ducts or tun- 
nels to direct and control the air and 
noise so that speed—torque curves can be 
taken. Such a scheme generally is known 
as a club test. This involves no electric 
connections other than some scheme for 
starting the engine and some blowers to 
carry away the excess fumes and create 
conditions similar to those in flight sur- 
rounding the motor. The actual horse- 
power developed by an engine while driv- 
ing a club propeller has to be determined 
by calibration. 

There are three common electrical 
schemes available; the simplest is what is 
known as an inductor-type absorption 
machine, which is simply a short-cir- 
cuited water-cooled armature mounted in 
a frame, hung on bearings with a beam 
scale to measure the torque. This is 
quite satisfactory and is used by several 
of the engine builders. The engine has to 
be cranked for starting by auxiliary 
equipment as the inductor alternator will 
not develop torque as a motor. 

The second electrical method makes use 
of an a-c generator connected to the en- 


General view of Dodge Chicago 
plant 


Figure 1. 
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About a year ago, however, — ; 


= Figre 20 (lef 

Typical 2,000-kva 

12,000/460 - volt 
unit substation © 


Figure 3 (right). 
Power - absorption 
generators 


gine through some sort of slip coupling, 
either a fluid or magnetic type. Both of 
these schemes are used. The results ob- 
tained from these hookups also are quite 
satisfactory. An excellent power factor 
is maintained om these circuits as the 
_ generators are all synchronous type. The 
power output of the engine is determined 
by the electric output of the generators 
plus the generator losses and the slip- 
coupling losses. This all can be figured 
out quite simply with the calculated 
curves of generator losses plus slip-cou- 
pling losses and the electric-power meas- 
urements. Load can be determined 
within plus or minus 11/2 per cent which is 
quite satisfactory for commercial pur- 
poses. 
The last scheme for loading the engine 


is by making use of the variable-speed: 


generators. Here the slip couplings are 
eliminated. The generator operates over 
the testing-speed range of the engine out- 
put shaft. The calibration of the electric 
meters may include the generator losses 
so that direct readings can be taken for 
use in a simple equation that will give 
correct engine horsepower output. 

In the variable-speed generator the slip 
losses all are dissipated in an air-cooled 
resistor so that no problem arises regard- 
ing coolant supply. 

It seemed that the simplicity of the 
slip-ring induction generator solidly cou- 
pled to the engine without any expensive 
and troublesome slip coupling would make 
the most suitable device for loading these 
high-power-output variable-speed engines. 
Experience with this type has been 
most satisfactory from both operating 
and maintenance point of view. 


Description of Typical Test Cell 


The test-cell operation is understood 
most clearly by referring to the cut-away 
drawing (Figure 4). The newly as- 
sembled engine mounted on a heavy sup- 
porting frame is run into a test cell shown 
as test cell 32 where the engine-output 
shaft is connected by asimple coupling (not 
a slip coupling) directly to the generator 
installed on the other side of the cell (see 
Figure 3). Ignition, oil, gas supply, car- 
buretor, air, and so forth are connected to 
the engine by means of quick connectors, 
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and the engine is ready to run when the 
soundproof door of the cellis closed. Since 
this is an air-cooled engine which exhausts 
into the cell, exhaust and supply fans are 
required to produce air movement similar 
to flight conditions. (These are marked 
clearly in the drawing.) A forced-air- 
cooled grid resistor with drum-type con- 
trol is located on the roof of the building 
for dissipating the slip losses from the gen- 
erator secondary circuits. 

In using the slip-ring induction gen- 
erator, the excitation, of course, comes 
from the supply line. Accordingly, the 


’ power factor will not be any better on this 


generator circuit than that of any normal 
induction motor of this horsepower and 
speed, so power-factor correction must be 
made for the circuit, preferably by a syn- 
chronous motor or capacitor, or both, as- 
sociated with the test stand. “By using a 
300-horsepower synchronous motor to 
drive the cooling fan plus 180 kva of 
static capacitor, it is possible to supply suf- 
ficient leading current to give a minimum 
operating condition of approximately 
90 per cent power factor. 
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Figure 4. Test-cell 
building number 5 


Cross section of test- 

cell building show- 

inglocationof equip- 
ment 
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tion of the cell. x 


_ Immediately below the generator room: 
is located a switching and transform 
room containing also the shunt and series 
capacitors and various devices for opera- 
Refer to Figure 5 for the sequence a 
operations for a typical test run as fol- 
lows: ; i 
The remotely controlled air circuit breaker 
in the test building substation is closed by 
the test operator from his control boot 
connecting the slip-ring generator, syn-) 
chronous-motor-driven supply fan, and a 
shunt-type static capacitor to the bus of 
2,500-kva 12,000/2,300-volt 60-cycle trans- | 
former which, in turn, is connected through 
a series capacitor to the 12-kv plant system 
bus, | 


4 

When the switch is closed, the engine is. 
cranked at low-speed, as full secondary or 
rotor resistance is placed in the circuit, 
while the supply-fan motor, being thrown 
across the line, quickly comes up to 
speed. The shunt-type capacitor helps 
reduce the current inrush, and together 
with the synchronous motor, when up to 
speed and properly excited, brings the 


t 
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41—Kilowatt-hour meter 
9—Torque instrument 
~ A—High-voltage feeders 
B—Supply fan 
EE C—Induction generator 
e D—Vernier resistors 
E—Leading resistors 
z R—Receiver 
T—Transmitter 
LD—Loading drum 
M—Drum motor 
PS—Position selector 
z. Pl—Position indicator 
PT—Power transformer 


_ power factor of the group to a satisfac- 
_ tory value for all loads and speeds. 
__ The series capacitor shown in the sup- 
_ ply line to the 2,500-kva transformer elimi- 
nates the voltage drop due to the react- 
ance loss in the transformer, so that 
- there is no disturbance on the 2,300-volt 
bus when one of these units is started. 
- This use of a series capacitor is believed to 
- be the first large-scale application of such 
a device in an industrial plant, and it is 
gratifying to report trouble-free perform- 
ance. 
After a short period of motoring, to be 
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sure that air and oil are as required, the 
ignition on the engine is closed, the throt- 
tle opened, and the resistor adjusted to 
give the speeds and loads specified by the 
engineers for the test. An indicating 
kilowatt meter connected in the stator 
circuit indicates the power flow back to 
the a-c system and also is used to indicate 
the engine brake horsepower as: 


Engine brake horsepower = 
(stator power+stator losses) Xactual speed 
synchronous speed 


A factory curve gives losses at all out- 
puts, with conversion factor applied so 
that a value K from the curve times ac- 
tual speed = brake horsepower. 

The power recovery from this system 
is completely automatic. Engines are 
started, tested, and removed from the 
cells with no disturbance of any kind. 

Examining the wiring diagram, it will 


Bailey—Electric-Power-Distribution Scheme 


— a ‘a = _— 
, : ~ 
Table I. Tabulation of Connected Loads, Load Factors, and Totals for Estimating Plant Demand 
SD 
, Maximum 
Connected Power Maximum 
Power, Demand, Lighting, Demand, 
ovolt- Load Kilovolt- Kilovolt- Light and 
Building Building Name Amperes Factor Amperes Amperes Power 
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be noted that several test cells are grouped 
on a 2,300-volt bus. Feeders extend to 
various plant loads from this bus, in- 
cluding all the cell auxiliaries. This was 
designed so that the recovery power 
would operate these associated loads with 
minimum loss and also reduce the ca- 
pacity of the transformer that connects to 
the 12-kv system bus. 


Conclusion 


Although.the electric power system was 
designed and installed during the war, it 
has met adequately the exacting require- 
ments of this large manufacturing project, 
and the power recovery system for the 
engine test not only has given us very re- 
liable easily operated trouble-free testing 
facilities, but also enabled us to supply 
from an otherwise wasted source over 
4,000,000 kilowatt-hours per month or 
20 per cent of the electric power required 
for the project. 
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HE revision of American Standard 
C50, ‘Rotating Electrical Machinery,” 


resulted in various suggestions for chang- 


ing the method of measuring the tem- 
perature rise of motors and for establish- 
ing temperature-rise limits to be used 
with these methods. A review of the 
temperature tests taken in the past in- 
‘dicated that they are of little value for 
comparing the various methods. Few 
- tests included temperature measurements 
by more than one method, and none of 
them had enough embedded detectors, to 
measure accurately the -hot-spot tem- 
perature. In order to obtain accurate 
data, the authors were asked to make and 
teport the results of temperature tests 
on integral-horsepower motors. It was 
believed that the data thus obtained 
would be valuable to the standardizing 
committees of the AIEE, the American 
- Standards Association, and the National 
Electrical Manufacturers’ Association, as 
well as to motor users. 


Scope of Tests 


Temperature tests were made on open, 
plain enclosed (nonventilated), and to- 
tally enclosed fan-cooled polyphase in- 
tegral-horsepower motors. The tem- 
perature rise of the stator windings was 
measured by four methods: 


1. Mercury thermometer. 


2. Surface thermocouples on the hottest ac- 
cessible part of the winding. 


8. Resistance. 


4. Embedded thermocouples (using enough 
to locate the hot spot). 


First Set of Tests* 


DESCRIPTION OF Morors TESTED 


In order to obtain a comparison be- 
tween the temperature rise by ther- 
mometer, surface thermocouple resist- 
ance, and embedded detector, con- 
tinuous temperature tests were made on 
a three-horsepower 1,750 rpm three-phase 
squirrel-cage induction motor in the 225 
frame. One set of readings was taken 
with the parts assembled as a totally en- 
closed fan-cooled motor. The other set 
was taken with the external fan and fan 
cover removed. 


* Data reported by General Electric Company, 
Lynn, Mass. 
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LOCATION OF TEMPERATURE INDICATORS 


A single thermometer for taking coil 


temperatures was inserted under a felt 
pad cemented to the outside surface of 
the end windings on the end opposite the 
fan. It was impractical to attempt to 
place a thermometer on the fan end of 
the motor. A hole was drilled in the end 
shield to admit the thermometer. 
hole was closed around the thermometer 
with putty. The -felt-pad method of 
mounting the thermometer required more 
time for preparation than the usual putty 
method, but the results are considered 
more reliable. 

Thermocouples for taking coil surface 
temperature were attached to the outside 
surface of the windings with felt pads and 
cemented in place. Two thermocouples 
were used on each end of the winding, 
one at the top and one at the side; making 
a total of four. 

Thermocouples for taking internal 
coil temperatures were put in place with 
the windings. These were located in the 
center of the slot portion in both top and 
bottom coils. Five thermocouples were 
used, two in one slot and one each in three 
other slots. Two other thermocouples 
were placed between the slot insulation 
and the core iron. 


TEST PROCEDURE 


Resistances of the windings were 
measured with a Kelvin double bridge. 
Cold and hot resistance were taken in 


Paper 45-33, recommended by the AIEE committee 
on electric machinery for presentation at the 
AIEE winter technical meeting, New York, N. a Ae 
January 22-26, 1945. Manuscript submitted 
November 17, 1944; made available for printing 
December 13, 1944, 


L. E, HitpEBRAND and B. M. Carn are electrical 
engineers with General Electric Company, Lynn, 
Mass. F, D. Puturps is assistant designing engi- 
neer, General Electric Company, Schenectady, N.Y. 
W.R. Houcn is engineer in charge of a-c motor de- 
sign, and J. G. Rosswoe is electrical engineer, engi- 
neering department, both with Reliance Electric 
and Engineering Company, Cleveland, Ohio. C. P. 
PoTTER is manager, large-motor engineering divi- 
sion, Wagner Electric Corporation, St. Louis, Mo. 


This paper, a summary of four conference papers 
presented at the conference on temperature meas- 


urements at the summer technical meeting, St. 


Louis, Mo., June 26-30, 1944, was prepared by a 
subcommittee composed of W. R. Hough, F. D. 
Phillips, and C. P. Potter. 


The committee apologizes for having made various 
changes in the original reports. In order to follow 
the same form throughout it was necessary to rear- 
range some of the material, and, in order to con- 
serve paper, it was necessary to omit some of the 
more detailed information. 
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fel coe *ddion: ‘motors. “The ¢ 
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seconds. _ 


show that | = ee z 2 


1. With sufficient care it is ee to 
tain temperatures with mercury thermor 
eters equal to those with thermocouples. 


2. Each of the four methods of measur 
ment indicate essentially the same tempera 
ture. ; 


5 


Any one of them, therefore, may be oo 


sidered as representing the temperature 
of the hottest spot within a small margin. 

It can be assumed safely that if the 
highest observed rise by resistance or by 


i 


y | 


one of four thermocouples or one of four — 


carefully installed thermometers is 65 


_ degrees centigrade, then the temperature 


of the hottest spot is between 65 and 70 
degrees centigrade. 


DISCUSSION AND CONCLUSIONS 


| 


Conclusions from the three investiga- 
tions can be applied only to induction 


motors, since further testing is necessary 


to establish relationships for d-c machines. © 


From the data already obtained it is 


evident however, that the relationship 


between observed surface temperatures 
and the temperature of the hottest spot 


for induction motors is quite different 


from that for d-c motors. 

For all classes of machines the point 
of reference is the temperature of the hot- 
test spot. This temperature, of course, 
cannot be determined except on a basis of 
probability, even though one were to take 
many more temperature readings than 
are possible on commercial machines. A 
practical method of measurement, there- 
fore, must be chosen, considering ex- 
pediency and availability of measuring 
apparatus. The necessary sacrifice in 


probable range between the observed tem- 


perature and the true hot spot should be 
consistent with sound economics based 
on expected useful life of the insulation. 

For induction motors in small in- 
tegral-horsepower sizes of the following, 
conclusions appear to be sound, based on 
data from this paper. 


(a). Temperature by Resistance. Tem- 
perature by resistance at the moment of 
shutdown obtained by extrapolating a cool- 
ing curve is very close to the temperature of 
the hottest spot. The temperature so ob- 
tained does not differ greatly from that 
which would be obtained if a large number of 
temperature measurements were taken, in- 
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ing curve. 


é Hoeibts be justified. 


act Sapte est Ay rite 
ot-resistance reading taken within 50 
mds after shutdown is within eight per 
t (five degrees at 65 degrees centigrade 
rise) of the maximum obtained from a cool- 


_ Since cooling curves require more effort to 
n and interpret, their use does not 


The chief advantage of temperature meas- 
- urement by resistance is its simplicity. The 
_ chief disadvantages are necessity for extreme 
~ care in determining cold resistance, the need 
-for accurate resistance bridges, and the un- 
ertainty of relying on a single reading 
hich must be taken with extreme care. 


1 d tently enclosed eines, 


‘a alifforence: ‘betwee the ‘eb- 


oe 


End Windings. — 
couples on the end winding is very close to 
- the temperature of the hottest spot. This is 
true for both open and totally enclosed ma- 
chines, although the maximum difference be- 

. tween the highest observed temperature and 
the hottest spot is undoubtedly greater for 


“open machines. 


Ju emperature by Thermocouples on 


Temperature by thermo- 


Using more thermo- 


couples reduces the average value of this 
difference so that more margin must be per- 
mitted for a single reading than when four 
or more readings are taken. 


The chief advantages of thermocouples for 
temperature measurement on end windings 


are: 


1, 


They are easy to install. 


2. They can be installed without interfering with 
the normal ventilation of the machine. 


38. They can be installed on coil surfaces not readily 
accessible to mercury thermometers, 


Table | 


Temperature Rise 


ne EIEEEEEEEEE EEE 


By Mercury By Surface By 
Thermometer Thermocouple Resistance 
De- Per De- Per De- Per Degrees 
grees Cent grees Cent grees Cent Centigrade, 
Centi- of Centi- of _Centi- of Hot Spots by 
; Speed, grade, Hot grade, Hot grade, Hot Embedded 
Enclosure Rpm Actual Spot Actual Spot Actual Spot Detector 
Plain enclosed........1,800...58 ..... 98 3.65.00 wean M5 hc ot (331 itary tre TO4s eer. 59 
Plain enclosed.......- 1,800. . .58 1047 FOUR eae. OST wist0ia (OVS ig HOOT carga 62 
Enclosed fan-cooled...1,800...57  .....94....64 ..... 105%. SOIR. 3: LOOT. cote 61 
_.....Enclosed fan-cooled...1,800...581/2..... 98 ets eee ss ntack LORS oor G2. estas LOS neta 60 
Highest of four thermocouples on outside surface of end windings. 
Resistance measured 30 to 40 seconds after shutdown. 
2 Highest of five thermocouples embedded in various places in slot portion of coil. 
Table Il 
s Temperature Rise 
2 Winding 
a by Surface Winding 
e Laminations Thermocouple by Resistance 
. Degrees 
De- Per De- Per De- Per Centigrade, 
grees Cent grees Cent grees Cent Hot-Spot 
Centi- of Centi- of Centi- of by 
- Horse- > grade, Hot grade, Hot grade, Hot Embedded 
E power Speed Cycles Actual Spot Actual Spot Actual Spot Detectors 
Open Motors 
ad eee OOO S siete.» « GUre eon at BO. cies DO ae Biotes «fae 8 essary, BSidee es 46 
MAES gk a SOO tel ie a BO coche es eee aes Seep ns CN Gt apes js ge ence oe 44 
ES oes LOOO0t-asai ¢ BO% gies ne AS Parsi 5 cS Sas 49 it bn DE vat nok Bisa. bes BOF ticki oF 54* 
il es Cea ee eceor ss Deno sets DT eer Beige ciis So ON REC eta Aah aek. Is oadwie eR ae, 42* 
pi A ee WOO! SF's GOit ae ste. Sires 2.2 (tf eRe Be ess eo int OT Seid are | Cori ee abit etere sce eras 48 
WO ears (0\Uapeean oi MID oe Mick gee BGS os a Se AGS 24% BS8i0. vieas .2 PEQO) cite otountes 52 
Splashproof Motors 
a ae SOO great Oe sta a Pe ee To vad ts ROW Tee a TOF od. Lan UE ati # TT es s,s 56 
Ole '.e Wishes aise 2 AEN Pte s ayo oid tee ee Peete oye GS tual BS saatin as OB: te OD cia sar toe 66 
AW ohne «6.4 80 Ore - eon Base tierce DO Soaente yee A a oes Oia ae ss QO Frat iota vie sin so 30 
ZED ie: igsert 2c? 0, G0; eles Soo hia ae 28 Aeon. SS eee 9 -\ a ae BSSNG Saicientate 33 
OS craters TSO Ss sess 2B tase BAnaiages OOS orransrare Boe tac (a) Re Rane RS tery a RA Ras na rath ce 38 
ncltosed Mofors 
Rie ae DRO even gi (Uc Feces (Oe eee POD ie tenors on (53508 icy Gus DSi atank MS Visit a OS\nn, Bie gate 68 
Derwagte GOO ree 5 fs SO secre ef BiaeSeean LOO: weet: GAS cient eS Se ae OF ic seeveleitin « 65 
einceistern ZoOwe an: - Di gece se sOciats,¢. TE at Sere GO iene 1 OAL ee Ar cuscstetous 62* 
Fan-Cooled Motors 
| ae 1 SOG aimcisye< (US Romie ite tear 6 (aa ie Tiber tole e DOO orcas: 28 BS sans © OG grt ae myc iet's 55 
: a fr Orem LSO00 See oa COS. Sat. 2 39). 4 wei Yk eee et Boiss <ivt-« ie rer ya BAasiee ious TOO Se secaene 2 OF 
7/2... MO axtveies « De ae Beh ae ae ee thee ee r | eA ODS ie Fcrs sais BS a. iaeiels DS eS rayarakste 47 
T'/2.. (tO tee SE as tes 3 S404 eh ta a eon AS ae thes A Pee ee Be Gh cs alas +2 Or te sisialelle 47 
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* High-slip motors. 
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Pa Because they are easy to install, a relatively yy 


large number of thermocouples can be used with less. 
time required to prepare the machines for the heat- 
ing test than when using a pealice number of ther- 
mometers. 


‘ 


The disadvantage of the thermocouple is 


that its use requires a thermocouple po- — 


tentiometer which must be kept in pond 
calibration to be reliable. 


(c). Temperature by Mercury Thermome- 
ter on End Windings. 
thermometer on the end windings is the 
same as that obtained by thermocouple, if 
special care is used in installing the ther- 


mometer and if the size of the machine per- 
mits making a good application of the ther- 


mometers. 

The chief advantage of thermometers for 
temperature measurement on end windings 
is that they are readily obtainable. The 
chief disadvantages of thermometers are: 


1. Because of their apparent simplicity, they are 
likely to be used carelessly. 

2. Greater skill is required to obtain accurate read- 
ings than is required with thermocouples. — 


3. Thermometers are difficult to install, because — 


they are not readily accommodated by the me- 
chanical structure. 


4, Because they are difficult to install, the tendency 
is to use too few. 


Second Set of Tests}. 


DESCRIPTION oF Motors TESTED 


As wide a variety of motors as possible 
was selected from motors in current pro- 
duction, and it was possible to obtain 
open, dripproof, enclosed, and enclosed 

ventilated motorsin a wide range of speeds 

and horsepowers. All were three-phase 
squirrel-cage motors, both normal and 
high torque, normal and high slip; all 
were insulated before test, and the 
majority were random-wound, though 
the larger sizes have form-wound coils 
insulated before insertion in the slot. 


LOCATION OF TEMPERATURE INDICATORS 


In order to obtain the hot spot, thermo- 
couples were installed in the slots at 
various points, since it was found, by 
previous tests, that the hottest spot was 
located in the slot. Sixteen or more were 
used and were distributed, four near the 
bottom of the motor, four near the top, 
and four at each side; and were located 
next to the iron, between the two coils, in 
the coils, and under the wedge. The 
hottest temperature was obtained be- 
tween the coils or next to the wedge. 

Thermocouples were located in eight 
places on the coil ends—at the top, bot- 
tom, and sides on each end of the motor, 
and care was taken to install them in the 
locations giving the highest temperatures. 
Lamination temperatures were taken in 
8 to 12 locations on open or splashproof 
motors and in two or more locations 
(through holes bored in the frame) on 
enclosed motors. 


Test PROCEDURE 


Temperature rises were measured by 
surface thermometer (thermocouple), sta- 


+ Data reported by General Electric Company, 
Schenectady, N. Y. 
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Temperature by © 


Temperature Rise (Running) ges 


- centigra 
“temperature difference bet 


ing on motor speed and 


Winding 
Winding by by Surface Winding by : 
Thermometer Thermocouple Resistance eet 
De- Per De- Per De- Per —dDegrees 
grees Cent grees Cent grees Cent Centigrade, 
Per Centi- of Centi- of Centi- of Hot Spot by 
' Type of Heat Cent grade, Hot grade, Hot grade, Hot Embedded 
Enclosure Run Load Actual Spot Actual Spot Actual Spot Detector 
Fan cooled......Continuous.... 75.....81.2...89.1....31.6...90.4... 32.5.. 93.0...... 35.0 
Fan cooled......Continuous....100.....48.5...90.3....49.4...92.0... 53.5.. 99.6...... 53.7 
Fan cooled......Continuous....125.....82.0...89.5....84.4...93.1... 88.0.. 96.0...... 91.6 
‘Fan cooled...... 60 minutes....150.....89.0...85.6....93.8...90.2... 97.5.. 93.7...... 104.0 
‘Fan cooled......30 minutes....170.....97.0...80.9...104.8...87.3...115.0.. 95.7...... 120.0 
‘Plain enclosed...:Continuous.... 75..... S627 1. O22 eee BSalic a QOeticiele AO cOetel O20 srepepaicrs 39.8 
‘Plain enclosed....Continuous....100..... BT .On 910s 160.052 0550s, OOn5 ee OO aiicmieaar 62.6 
‘Plain enclosed....Continuous....115..... TO Oe cOleO. nerd. Oca OecSere ¢ OF Cae ORO eee ciel 83.5 
‘Plain enclosed... .60 minutes....166.....50.0...86.6....53.5...92.7... 55.5.. 96.2...... 57.7 
‘Plain enclosed....30 minutes....250..... B70 fe 85s Dinos OM sPeiea SO SO ee 4) 1S 1 Digl OD. Sil ersisie’s 78.6 
OPEN). .6 sreiselae «= CONTINUOUS, «. 6100. 6.0. S030. 0s S2co res GoeSeesOlelaee S2eOae OOeariettcies 37.1 
OPEN 2 ore wares = a Continuous....125..... ie dokWatnnn cu eWrocchiewog” WUGHog tics cedar 63.7 
OPEN or.ies stein, < 60 minutes... 145. .6. 60.5.5 F2eDe cent al sa sGsOeum (9.004 F409 c0ch eo C829 
Srajeseuparsiels eee 30 minutes....170.....62.0...56.6....96.0...87.8... 95.5.. 87.2......109.3 


Open 


Temperature Rise (After Shutdown) 


ea . . 
Winding 
Winding by by Surface Winding 
Thermometer Thermocouple by Resistance 
De- Per De- Per De- Per Degrees 
grees Cent grees Cent grees Cent Centigrade, 
Per Centi- of Centi- of Centi- of Hot Spot by 
Type of Heat Cent grade, Hot grade, Hot grade, Hot Embedded 
Enclosure Runa Load Actual Spot Actual Spot Actual Spot Detector 
Fan cooled...... Continuous.... 75..... 33.0. .94.3.... 31.6..90.4... 32.5.. 93.0...... 35.0 
Fan cooled......Continuous....100..... 50.8. .94.5.... 49.5..92.2... 53.5.. 99.6...... 53.7 
Fan cooled...... Continuous....125..... 86.0. .93.9.... 84.4..93.1... 88.0.. 96.0...... 91.6 
Fan cooled......60 minutes....150..... 96.0. .92.2.... 93.8..90.2... 97.5.. 93.7......104.0 
Fan cooled...... 30 minutes....170..... 105.5. .86.1....109.0..88.9...115.0., 93.8...... 122.5 
Plain enclosed....Continuous.... 75..... 38.5. .95.5.... 38.1. .94.5... 40.5..100.5...... 40.3 
Plain enclosed....Continuous....100..... 59.2..94.5.... 60.0..95.9... 60.5.. 96.7...... 62.6 
Plain enclosed....Conmtinuous....115..... 78.5), .94 Op sis, dil One 2cSie ce. S2eDsts OSs8e0csies 83.5 
Plain enclosed... .60 minutes... .166..... 54.075 .93.Gac0 04.00.94,0% cs OOsOne Occ. ee 57.7 
Plain enclosed... 230 minutes....250..... 74.0. .90.0,... 75.8, .92.2... 78.5... 95.5...... 82.2 
Opens tisaie nice eens Continuous....100..... S25 Sl sOuscs, OdsOseOlskajee O2sOs SOsdes ects 37.1 
Opens ej0 feiss one's Continuous....125..... §8.5..91.8.... 59.6::.98.6.. 61.5... 96.5... os 63.7 
Opetcs cieree Mein 60 minutes....145..... 73.5. .87.8.... 78.8. .94.0... 79.5.. 94.9...... 83.8 
Open’iny cistns aa as 30 minutes....170..... 94.0. .86.0....104.4..95.5... 95.5.. 87.2...... 109.3 


tor-winding resistance, and embedded 
temperature detector (thermocouple). No 
mercury thermometers were used, as our 
practice is to use thermocouples only in 
obtaining temperatures on heat runs, par- 
ticularly on enclosed motors, since we 
have found thermocouples more conven- 
ient and easier to install properly than 
thermometers, as well as easier to read. 

Cold resistance and temperature of the 
motor were carefully measured to obtain 
the correct base for determining the tem- 
perature by resistance. After shutdown, 
resistance readings were taken as soon as 
possible and continued for 30 minutes. 
Cooling curves were plotted for each run 
and extrapolated to shutdown time to 
determine temperature rise by resistance. 
Failure to begin readings quickly and to 
carry them far enough to determine the 
slope of the curve would result in large 
error in the temperature as observed. 

The results of the temperature tests are 
shown in Table II. 
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DISCUSSION AND CONCLUSIONS 


For open motors the conventional 
hot-spot allowance for thermometer meas- 
urement is given in AIEE Standard 1 
as 15 degrees centigrade. The tests re- 
corded in Table II indicate that this al- 
lowance is adequate. The same standard 
gives a conventignal hot-spot allowance 


at hot-spot temperatures. ion 


that coil-end surface temperatures, hot- 


grees centigra 


and rise by resistance 


ventilation over the coil enc 
motors it appears that rise by 1 
is not a satisfactory method of | 


For enclosed motors and enclos 
cooled motors, the conventional hot-sp 
allowance for thermometer measurements 
is ten degrees centigrade, and for m- 
peratures by resistance measurements 
five degrees centigrade. These tests show . 


spot temperatures, and temperatures by 
resistance measurements are equal within 
fairly narrow limits. This is due to the 
fact that intense ventilation of coil ends 
does not take place in motors of these 
types. The heat generated is dissipated 
through the enclosure, and the tem- 
peratures of the various internal parts of 
the motor are quite uniform. The hot- 
spot allowance of five degrees centigrade 
between rise by resistance and hot spot 
is adequate. Because of the convenience 
of the rise-by-resistance method for 
motors of these types, this method is 
strongly recommended for enclosed mo- 
tors. ~ 


Third Set of Tests** 


.- 


DESCRIPTION OF Motors TESTED 


The motors tested were NEMA frame 
254, five horsepower, three phase, four 
pole, 60 cycle, of fan-cooled, plain en- 
closed, and open construction; windings — 
in all cases were semienclosed slot, 
random-wound, with class-A insulation, 
and untaped coils, varnish impregnated. 
Temperature tests included continuous 
60-minute duty and 30-minute duty for 
each enclosure. Fan-cooled motors had 
one outer fan at the end opposite the 
drive end which forced air across the 
outer surface of the stator. Plain en- 
closed motors were of the type having the 


** Data reported by Reliance Electric and Engi- 
neering Company, Cleveland, Ohio. 


Table V : 
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Thermometer, 
Per Cent of Hot Spot Per Cent of Hot Spot 


Temperature Rise 


Thermocouple, Resistance, 


Per Cent of Hot Spot 


Tests Enclosure Time Running Maximum Running Maximum Running Maximum 
3...Fan cooled....Continuous....89.6....... 94. 2 eres ‘Ol 2S 1 Te Neer eae ge 96.2 96.2 
3... Plain enclosed. .Continuous....91.4....... OMG cos ces 94.6; eee 64. 30-83, 98. Bodseas 98.6 
Del Opents acter Continuous... .81.6....... 80.7-. ee 02-805 fe 02,9 aie ryee ean ue 91.4 
1...Fan cooled... .60 minutes.....85.6.......92.2...... 00,2. O03 eee ae 03.78 ee 93.7 
1...Plain enclosed. .60 minutes.....86.6....__. 93.000, 92.700 O4ab ek: 96.2060. 96.2 
L/ ROpend ee: 60 minutes.....72.2....... 87.8 5c 02-858 an 4, Ogee ied 94 GN. 94.9 
1.,.Fan cooled... .30 minutes.....80.9....._. 86.1e2. 563 878) ee $8.0; ay alee 93.8 
1... Plain enclosed. .30 minutes. ....85.2 00. U.tcaaie 85: Gac ae 92.9.) 2.03 00 ae ae 95.5 
Lie Opens eee 30 minutes.....56.6....... 040.0 87.8. eke O5.5e 8 87.2...... 87.2 
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urface of the stator core exposed. 
otors were of the double end venti- 
on construction. The stators were of 
e dripproof type with air discharge 
fi om the lower half of the stator only. ~ 


e obtained while running, and after 


surface thermocouples, and embedded 
thermocouples. The location of thermom- 
eters and thermocouples for all motors 
shown in Figure 1, reference 1, which 
presents an axial cross section of the 
motor in the vertical plane. In addition 
the thermocuples shown, the open 
motor included 14 additional thermo- 
couples. 
third coil to determine the temperature 
distribution circumferentially around the 
Stator. ‘ 


zs, 
_ Test PROCEDURE 


B. The conventional method of measuring 
resistance of the windings, terminal to 
terminal, was used following shutdown 


and included a series of readings which 


: 


could be plotted against time, and the 
curve extended to the instant of shutdown. 
Tests were taken at various percentages 


_ of rated load to produce a relatively wide 
_ spread in resulting temperature rise. 


- RESULTS 


_ The pertinent information obtained 
from these tests is given on Tables III 
and IV. Both tables give the conditions 
of test, including enclosure, time, and 
load. Table III gives maximum tem- 
perature rises observed during running 
and including the instant of shutdown, 
and, in addition, the temperature rise 
by resistance as determined within ap- 
_ proximately one minute or less after shut- 
down. The hot-spot temperature rise is 
the highest observed temperature rise 
_ by embedded thermocouple during run- 
ning. The percentage of the maximum 
observed rise to the hot-spot rise is given 
ineachcase. Table IV differs from Table 
III only in that the values of maximum 
temperature rise are those observed 
either during running or after shutdown, 
“depending on which were higher. Table 
V is a summary of the average results of 
like conditions of enclosure and time and 
includes only the percentage relation to 

_ the hot-spot temperature. 


DIscussION AND CONCLUSIONS 


1. Temperature Rise During Running 
and After Shutdown 


(a). There is a substantial difference be- 
tween temperature rises by thermometer 
during running and after shutdown. The 
temperature rises increase after shutdown in 
practically all cases. 

(b). There is no significant change in tem- 
perature rise by surface thermocouple after 
shutdown except in the case of intermittent 
ratings. In the case of 60-minute ratings, 
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These were spotted in every | 
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‘In the case of 30- lower coil sides. In all cases the hot spot 
minute ratings, it may be substantial. _ was at the top of the stator. ; 
(c). In all cases the rise by resistance did (c). On open motors the hot spot in all 
not increase after the instant of shutdown. cases was in the coil side farthest from the air _ 
The rise by resistance by the conventional gap at the top of the stator. The position 
method as determined within one minute varied between the center of the core and 
after shutdown in all cases was within six the end of the core. | : 
per cent of the rise at the instant of shut- 
down. On the average, it was within three 
per ce’ t. _- aa 


the change is minor. 


3. Relation of Rise by Resistance to Rise 
by Embedded Thermocouple 


With the number and distribution of 
the embedded thermocouples, it might 


(d). There is no significant change in tem- 
perature of the hot spot after shutdown ex- 


Table VI 


Temperature Rise 


By Mercury By Surface By 
Thermometer Thermocouple Resistance 
De- Per De- Per De- Per Degrees 
grees Cent grees Cent grees Cent Centigrade, 
Centi- of Centi- of Centi- of Hot Spot by 
Per Cent grade, Hot grade, Hot grade, Hot Embedded 
Enclosure Winding Load Actual Spot Actual Spot Actual Spot Detector 
Lee ee ge ee 
Treated...... T Sieve csctsie Py 16. afhUn SOnric OD o5 roti Seodss 29)aO iets s SOvere sisrsierete 34.8 
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Table VII. 


Summary of Tests on Integral-Horsepower A-C Motors 


Temperature Rise 


Resistance, Per 


Thermometer, Surface Thermocouple, 
Manufacturer Enclosure Per Cent of Hot Spot Per Cent of Hot Spot Cent of Hot Spot 
General Electric, 

Schenectady... ODES ss canto Maree sive etoier atrial ctareieienese.9) = ssheneke chursie tials ies (= eee ers eee 68-100 
Reliance........+ Opetign oscil sieise teltits re B80 8 Merete. aaa c/eictevpe O19 Waaisars Stew ate 86-97 
Wagner. a. qs. Openiciry.cietis oretauel aes iasie with 46-56. .cadae eels ole ate GG=T2' Raweecthanoteserers 83-86 
I AUWGSES Bnprpaucs OPCW ne vecioe = saeiee nee AGO ir mire tes 63-04 a oiene arcieerene 68-100 
General Electric, 

Lynn «oases Plain enclosed. ......+-++++ 94-98. iidsta steno 03-95 teers alas 100-104 
General Electric, 

Schenectady... ..Plain enclosed. ......+sseeesceterrsr er rsstseres 9508 so sue 94-98 
Reliance. ot Plain enclosed.......-..++- QAROG ssc renee ons eats 92-96) ss Gow narctoee 97-101 
All tests. ........- Plain enclosed.......+.+-+++ QA=08 .cicies eitre tein ane cere 2-980 Fe. antne een ee 94-104 
General Electric, 

Lynn We eaela = Enclosed fan cooled.......-- QA OR te teal siete eines ils HOS SNOS Setters aveneee 109-103 
General Electric, : 

Schenectady... . Enclosed fan cooled. .....+++++eeeerserrsserccees S8—1O2 ieee eee 88-100 
Reliance....:...-- Enclosed fan cooled.......-- Q4=95 Be piace de. wcels ake 90-95) Shay acs ckes 93-100 
Wagner... ..ce0s- Enclosed fan cooled.......-- TOHTB ie ater, aleha sand cares: «1 of Li ferl) RSI Hoe ome 85-87 
ANIeSES aie wercnciete=5 Enclosed fan cooled.......-- TOO. nae es, eleven Tal OSuaieketcsierets 85-103 


be expected that there would be close 
agreement between the average rise by 
embedded thermocouples and the rise 
by resistance. Actually, this was not 
the case. In practically all cases the rise 
by resistance was higher than the average 
of the rise by embedded thermocouples. 


cept in the case of intermittent ratings of 
less than one hour. 


2. Location of Hot Spot 


(a). On the fan-cooled motors the hot spot 
was always near the ends of the stator coils 
between the upper and lower coil sides. In 
all cases except one it was at the end op- 
posite the outer cooling fan. The position 
varied between the top and bottom of the 
stator. 


(b). On'plain enclosed motors the hot-spot 
location varied with the degree of load. 
Under normal loads the hot spot was in the 
coil nearest the air gap in the slot portion. 
During overload conditions including inter- 
mittent duty the hot spot was near the end 1. Thermometer, surface thermocouple, 
of the stator coils between the upper and and resistance methods all can give suffi- 


4, Relation of Hot-Spot Allowance to 
Motor Enclosure and Time Rating 


The results show that the hot-spot al- 
lowance should consider both enclosure 
and time rating. 


DEDUCTIONS 
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Gh 2s The resistance method most wae approaches 


‘hot-spot temperatures and consequently sh Ces be. 


the preferred method. 


(0). _ The surface thermocouple next to the resist- 
ance method most nearly approaches hot-spot tem- 
_ peratures and should be the next preferred method. 
(6) 
3 preferred method. 


The thermometer method should be the least 
If it is used, the maximum rise 


as during running or after shutdown should be the 


_ during running. 


follows: 


d (a). 
be determined by resistance measurement within 
one minute after shutdown. 


= (c). 
to be determined by the maximum observed reading 
_ during running or after shutdown. 


basis of measurement rather than maximum rise 


sé 


2. The allowable temperature rise in each 


case should be based on determination as 


\ 


‘ Resistance meivedeesthe temperature rise to 


(b). Surface thermocouple—the temperature rise 


_ to be determined by the maximum observed reading 


during running or after shutdown. 
Thermometer method—the temperature rise 


5 Fourth Set of Testst 


DESCRIPTION OF Motors TESTED ~ 


Two 40-horsepower 1,750-rpm_three- 
phase squirrel-cage motors were tested 


at various loads as reported in AIEE 
TRANSACTIONS! pages 468-72, September 
1939. One of these motors was an open 
motor, and the other was a totally en- 
closed fan-cooled motor. 


LOCATION OF TEMPERATURE INDICATORS 


In order to be sure of finding the hot 
spot 40 embedded detectors were in- 


stalled in the totally enclosed fan-cooled - 


motors, as shown in Figure | of reference 


1. A mercury thermometer extended 


through a slot in the end plate and the 
bulb of the thermometer was immediately 
adjacent to a surface thermocouple. There 
were 34 embedded detectorsin the open mo- 
tor, as shown in Figure 2, reference 1, and 
again the bulb of the mercury thermom- 
eter was immediately adjacent to a sur- 
face thermocouple. The surface thermo- 
couples and the thermometer bulbs were 
on the outside of the tape which covers 
the free ends of the windings and were 
covered with a small amount of sealing 
compound. The embedded detectors 
were located in various parts of the slots 
and in various parts of the free ends; a 
complete record of their location may be 
found in paper referred to. 


TEST PROCEDURE 


Continuous temperature tests were 
made at various loads, and the tem- 
perature readings were taken while the 
motors were running. A double bridge 
was used to measure the resistance of the 
stator winding. At the end of each run 
the rotor was stopped very quickly, and 
the stator resistance was measured in a 
minute or less. 

The results of nine heat runs are shown 
in Table VI. 


{ Data reported by Wagner Electric Corporation, 
St. Louis, Mo. 
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+ / NONMEMBER AEE ‘owt aA 


0. G. COFFMAN 


- NONMEMBER AIEE 


4 


C50, “Rotating Electrical Machinery,’ “ 
resulted in various suggestions for chang- 
ing the method of measuring the tem- 


5 perature rise of motors and for establish- 


ing temperature-rise limits to be used 
with these methods. A review of the 
temperature tests taken in the past 
indicated that they are of little value for 
comparing the various methods. Few 
tests included temperature measurements 
by more than one method, and none of 
them had enough embedded detectors to 


measure accurately the hot-spot tem-_ 


perature. In order to obtain accurate 
data the authors were asked to make tem- 
perature tests on fractional-horsepower 
motors and to report the results. It was 
believed that the data thus obtained 
would be valuable to the standardizing 
committees of the AIEE, the American 
Standards Association, and the National 
Electrical Manufacturers Association, as 
well as to motor users. 


"HE revision of Aenean Standard 


_ single-phase, polyphase, and dee 
with 


-cessible part of the a 
8. Resistance. 


and totally enclosed. 


tional- horsepower motors, 
and untreated windings. 
ture rise of the stator windings 
measured by four. methods: = 

1. Mercury thermometer. ge ste 
2. Surface thermocouples on the eee 


4, Embedded thermocouples (using enought 
to locate the aot spot). 


First Set of Tests* 


DESCRIPTION OF Motors TESTED 
In selecting motors for tests, three 
types were chosen. They were a one- 


* Data reported by Century Electric Companys 
St. Louis, Mo. 


DISCUSSION AND CONCLUSIONS 


While it is possible to obtain fairly 
accurate measurements of temperature 
using mercury thermometers in motors 
which are so constructed that a ther- 
mometer can be placed in the right loca- 
tion, it should be borne in mind that 
many motors have mechanical features 
which prevent the satisfactory use of 
mercury thermometers without mutilat- 
ing the motors. In such cases the tem- 
peratures taken are quite likely to be 
lower than the true values, and the actual 
operating temperatures of such motors are 
a good deal higher than the observed read- 
ings. 

On the other hand, thermocouples are 
flexible and may readily be placed on the 
hottest parts of windings so that read- 
ings taken using surface thermocouples 
are more nearly correct than those which 
are obtained by using mercury ther- 
mometers. It is, suggested therefore, 
that the use of mercury thermometers 
be discouraged. This might be done by 
specifying the use of thermocouples and 
eliminating the use of mercury thermom- 
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eters, or by specifying a new method 
which would consist in the determination — 
of temperatures by means of thermo- — 
couples applied to the hottest part of the — 
machine accessible to thermocouples. 


Summary of Data Reported by 
All Companies 


A brief summary of the preceding data 
is given in Table VII. In this table, as 
in the preceding tables, the maximum 
temperature obtained by embedded de- 
tector is considered the hot spot. When 
temperatures by surface thermocouple — 
or resistance exceed those obtained by 
means of the embedded detector, either 
one of two conclusions may be reached; 
either the embedded detector was not 
placed in the hottest part of the winding, 
or an error was made in the measure- 
ments. 


Reference 


1. MB8ASUREMENT OF TEMPERATURE IN GENERAL- 
PURPOSE SQUIRREL-CAGE INDUCTION Morors, 
C. P. Potter. AIEE TRANSACTIONS, volume 58, 
1939, September section, pages 468-78. - 
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Figure 1. Sectional view showing ventilation 
-and location of thermocouples in Century 
single-phase motors 


4 Figure 2. Sectional view showing ventilation 


4 and location of thermocouples in Century d-c 
a. 
= i 


motors 


x 


: one-half-horsepower 


- fourth-horsepower 60-cycle 1,750-rpm 


“single-phase capacitor-start motor, a 
60-cycle —_1,750- 
rpm, repulsion-start induction-run motor, 
and a one-half-horsepower, 1,750-rpm 
-d-c compound motor. These motors 


_ were tested first as open motors and then 


as nonventilated enclosed motors. 


NEN 


The 
windings of all motors were given an in- 
sulating-varnish treatment before tests 

were made. 


LOCATION OF TEMPERATURE INDICATORS 


Thermocouples were placed at various 
positions in the stator coils at the time the 
coils were put in the slots. Figures 1 and 
2. show the location of the thermocouples 


Paper 45-32, recommended by the AIEE committee 
on electric machinery for presentation at the AIEE 
winter technical meeting, New York, N. Y., Janu- 
ary 22-26, 1945. Manuscript submitted Novem- 
ber 17, 1944; made available for printing December 
13, 1944. 


L.H. Hirescu is electrical engineer with the Century 
Electric Company, St. Louis, Mo.; R. F. MUNIER 
is chief motor engineer with the Emerson Electric 
Manufacturing Company, St. Louis; M. L. ScHMIDT 
is section engineer and L. W. WIGHTMAN is electrical 
engineer with the General Electric Company, Fort 
Wayne, Ind.; F. S. HIMEBROOK is electrical engi- 
neer with The Master Electric Company, Dayton, 
Ohio; T. C. Lioyp is chief engineer and O. G. 
CorrMan is engineer with Robbins and Myers, Inc., 
Springfield, Ohio; C. P. PoTTER is manager of the 
motor engineering department of the Wagner Elec- 
tric Corporation, St. Louis, Mo. 


This paper, a summary of six conference papers 
presented at the conference on temperature meas- 
urements at the summer technical meeting, St. 
Louis, Mo., June 26-30, 1944, was prepared by 
a subcommittee composed of W. R. Hough, F. D. 
Phillips, and C. P. Potter. 


The committee apologizes for having made various 
changes in the original reports. In order to follow 
the same form, it was necessary to rearrange some 
of the material, and, in order to conserve paper, it 
was necessary to omit some of the more detailed 
information. 
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coil extensions as shown. Thermometers 


= > -_ — . 4 : = 2 . 
‘int d d-c motors respectively. 
Thermocouples were placed on the stator- 


Ge 
+ 


were placed as close to the thermocouples © 


on the extensions as practical. 


_ Test PROCEDURE 


_ Each motor was loaded and run until 
temperatures had become constant. 


_ Readings of all thermocouples and ther- 


mometers were taken while the motor was 
running. Resistance readings were taken 
as soon after shutdown as practical, and 
the time was recorded. Several more 
resistance readings were taken over a 
period of five minutes, and a curve was 
drawn with ordinates as resistances and 
abscissas as time. The extension of this 
curve to zero time gives an approxi- 
mate value of resistance at the instant of 
shutdown. This value was used in cal- 
culating the temperature rise by resistance 
shown in the accompanying tables. 

Temperatures of the repulsion start 
and the d-c wound rotors were taken by 
resistance method and by thermometers 
after the motor was shutdown. To ob- 
tain thermometer readings the motor was 
rerun and disassembled. The time after 
shutdown for recording thermometer 
temperatures was approximately three 
minutes. 


RESULTS 


The hot-spot temperatures in both the 
open-type a-c motors occurred in the 
winding extension on the air-exhaust end. 
In the enclosed a-c motors the hot spot oc- 
curred at the center of the slot midway 
between the ends of the core, although the 
embedded detectors in the coil ends were 
within a few degrees of the hot spot. In 
the d-c motor the hot spot occurred in 


the center of the shunt coil on both the: 


‘open and enclosed motors. 

A comparison of temperatures is shown 
in Table I, which also presents the rela- 
tion of thermometer, thermocouple, and 
resistance values as a percentage of the 
hot spot. From the table there seems to 


Sen: 2 ~ ; z 3 ee a 
be a definite relation between tempera- 
tures as taken by hot-spot and resistance | 


— = Fr." «& rm — 1a-'s, * 
+ 


methods. The average ratio between 
resistance and hot spot for both the open 
motors and enclosed motors is 94 per 
cent. 


_ surface thermocouples and thermometers 


shows fairly consistent results, but not so 
close as hot spot and resistance. For 
thermometer readings the bulbs were 
placed on the extension close to the ther- 
mocouples and readings taken without 
disturbing the motor assembly. The 
difference between these two methods 


probably is caused by the difficulty of — 


holding the thermometer bulb in place 
due to its size and shape, whereas the 
thermocouple can be tied in place with 
little chance of its shifting. 

The difference between surface in- 
dicators and hot-spot or resistance meth- 
ods is quite large on the d-c motor. The 
ratio between hot-spot and resistance 


‘temperature was 92 per cent for the open 


motor and 96 per cent for the enclosed 
motor. However, the ratio between hot- 
spot and coil-surface temperatures was 
51 per cent for the open motor and 76 per 
cent for the enclosed motor. This shows 
that the movement of ventilating air 
over the field coils plays a great part in 
reducing the temperature of the coil sur- 
face, but a tightly wound coil completely 
enclosed with heavy wrappings of in- 
sulating materials is a very poor radiator 
for the heat generated within the coil. 


DISCUSSION AND CONCLUSIONS 


In general the relation between hot- 
spot and resistance measurements in 
open and enclosed fractional-horsepower 
motors tested is a fixed value. = 

Measurement of temperatures by re- 
sistance is simple and, if done carefully 
with reliable instruments, is quite ac- 
curate. In taking resistance measure- 
ments a definite interval of time after shut- 
down should be established or the results 
extrapolated back to the time of shut- 
down. 


Table | 
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Type Motor 
Enclosure 


Temperature Rise 


By Surface Es STS 

By Mercury Thermo- 3 3 
Thermometer couple By Resistance 2 a 
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Capacitor start—single 


Phase. oon su sieeie cme 65...Open. «2. /4,..1,750.. .43...84 AT 2292 FAS 945. 2 0L 
Plain en- 
IOSEU ere oie. gotiais cieccov s 64...97 ..65...98.5...62....94.., .66 
Repulsion-start induc- 
tion-run—single 
phase.» -.cesccrceeneee Sle. Opens. cs5< iE Wi Dinmc apeee ond Cale 90 (B0. cEOees 00 
Plain en- 
(irs a eabhas ea aneeoee 66...90.5...67...92 - 69.0.0 94...209 
Direct current.........-+-- 81 Open.....- 1/92 1,750. . 25. 200) SO Od: 145 ee 922. 6 349 
Plain en- 
PcG TR = is caen oo ee 63...76 paOdieaeO .80....96....83 
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Comparison of temperatures by 
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Measuring resistances of wound rotors — 


presents problems, especially in small 
motors. The inaccessibility makes it 


difficult to get good contact to the wind- | 


ings and can be a serious source of error. 

For this reason resistance measurements 

of wound rotors cannot be relied upon. 
~The relation between the resistance 


method and surface temperatures for 


d-c motors is different from that for the 
a-c motors tested. 

The values for temperature by resist- 
ance are the instant of shutdown values 
and were obtained by plotting the resist- 
ance-time curves and extrapolating back 
to the instant of shutdown. All tem- 
peratures were taken while the motor 
was running. 


Second Set of Tests* 


Tests were conducted on five standard 
open-protected motors having four-, six-, 
and e ght-inch stator-punching diameters 
and rated as follows: 


DESCRIPTION OF Motors TESTED 


1/59 horsepower, 115 volts, 60 cycles, single 
phase, 1,725 rpm, split phase, general pur- 
pose. 

1/, horsepower, 115 volts, 60 cycles, single 
phase, 1,725 rpm, capacitor start, general 
purpose. 


1/, horsepower, 115 volts, 60 cycles, single 
phase, 1,725 rpm, split phase, short-hour 
service. 

1/, horsepower, 220 volts, 60 cycles, three 
phase, 1,725 rpm, polyphase, general pur- 
pose. 


1/. horsepower, 115 volts, 60 cycles, single 
phase, 1,725 rpm, capacitor start, general 
purpose. 


All of the single-phase motors had the 
main winding placed in the bottom of the 
slots with the auxiliary winding on top 
of it and displaced 90 electrical degrees. 
The polyphase motor had a symmetrical 
winding. All windings were treated with 
a standard grade of commercial varnish. 
Ventilating openings were located in the 
lower quadrant of the front and back end 
shields, beneath the oil reservoirs. The 
ventilation of the general-purpose motors 
is shown in Figure 3 and the ventilation 


* Data reported by Emerson Electric Manufactur- 
ing Company, St. Louis, Mo. 


HOT SPOT 


Figure 3. Sectional view showing ventilation 
in Emerson general-purpose motors 
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j Thermo- 
Open Motors couple 
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Split phase—general 
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PUEPOSE. Ria aie e sheas 41s WG. NL, 725. 27 dios 040 1 
: 36.3...64.8 
Capacitor start—gen- 
eral purpose... ...07. V/s. 1725., 328.26 100027 
36.0...64.1. 


* Resistance readings taken within one minute of shutdown. 
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Temperature Rise 
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* Resistance readings taken within one minut. uf shutdown. 


of the short-hour-service motor is shown 
in Figure 4. The centrifugal starting- 
switch mechanisms were located in the 
front end of the single-phase motors 


LOCATION OF TEMPERATURE INDICATORS 


The frame temperatures were obtained 
from thermocouples placed at approxi- 
mately the middle of the frame, on the 
top of the motor. It was possible to ob- 
tain the winding temperature by ther- 
mometer for the eight-inch stator motor 
only. The thermometer was placed 
against the outermost part of the stator 
winding, at the end of the motor from 
which the ventilating air was exhausted. 
The bulb of the thermometer was covered 
as specified in American Standard C50- 
1943, paragraph 2.056. The tempera- 
tures by surface thermocouples were ob- 
tained from thermocouples placed among 
the outer conductors of the stator 
winding end wire, at the end of the motor 
from which the ventilating air was ex- 
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hausted. The resistance readings that 
were used in determining the temper- 
ture value from differences of resistances 
were taken using a Wheatstone bridge. 
For the purpose of determining the hot- 
spot temperature value, tiermocouples 
were placed at various locations within 
and around the windings, as these wind- 


HOT SPOT 


Figure 4. Sectional view showing ventilation 
in Emerson short-hour-service motors 
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ings were placed in the stator core. The thermometer (when taken), resistance- 
highest reading obtained from each test method, and hot-spot temperature rises 
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art 


TEST PROCEDURE 


The motors were tested first as open- 
protected machines. A set of four or 


more temperature tests were made at 


4 


- different loads for each motor, so that 


curves could be drawn to obtain tem- 
perature values at desired intermediate 
load points. Final thermocouple and 
thermometer readings were taken while 


the motors were still running, after con- 


stant values had been reached. Resist- 
ance readings were obtained within one 
minute after shutdown. Motors in the 


*six- and eight-inch frames then were 


tested in the same manner as totally en- 
closed machines. The various tempera- 
ture indicators were not disturbed when 
the motors were changed from open- 
protected to totally enclosed conditions. 
The internal ventilating fans were re- 
tained when the motors were totally en- 
closed. 


RESULTS 


As a result of this investigation it was 
found that in all instances, for open-pro- 
tected motors, the hottest spot was at the 
air-exhaust end of the motor at approxi- 
mately the center of the stator winding, in 
the end wire about one-half inch outside 
of the lamination stacking. In all of the 
motors that were tested, the air entered 
and left by way of openings in the lower 
quadrant of the end shields. The highest 
temperature was always approximately 
180 degrees from the center of these open- 
ings. 
For totally enclosed motors, this loca- 
tion also provided the maximum tem- 
perature, though frequently there were 
other locations equally hot. 

Curves were drawn making it possible 
to determine the load and the frame and 
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corresponding with thermocouple tem- 
perature rises of both 40 degrees centi- 
grade and 50 degrees centigrade for open- 
protected motors, and 55 degrees centi- 
grade and 65 degrees centigrade for totally 
enclosed motors. 

These final data are tabulated for open- 
protected motors in Table II and for 
totally enclosed motors in Table III. 

For the open-protected motors, the 
values of the thermocouple and resistance 
temperature rises, as a per cent of the 
hot-spot value, are as follows: 


Thermocouple: Average, 90.8; minimum, 
86.5. 


Resistance: Average, 95.3; minimum, 93.4. 


For totally enclosed motors, the per- 
centage values are as follows: 


Thermocouple: 
91.2. 


Resistance: Average, 98.4; minimum, 96.3. 


Average, 96.3; minimum, 


DISCUSSION AND CONCLUSIONS 


From these tests, it is concluded that it 
is possible to determine the hot-spot tem- 
perature-rise values in fractional-horse- 
power a-c motors either by means of 
thermocouple readings as described here- 
in, or by determining the temperature 
rise from differences of resistances. It is 
thought that, if the minimum ratio of 
temperature rises be used, there would 
exist little probability that the estimated 
values would not be on the safe side, yet 
would be sufficiently close to the actual 
values so as not to provide an overcon- 
servative figure. 

The resistance method appears to be 
the more valuable, since the difference be 
tween the average and minimum ratios of 
temperature rises, as given under the 
heading of ‘‘Results,” is only about two 
percentage points. The corresponding 
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{ 


¢ eo ‘ ‘ 
ratio based on thermocouple readings is 


about five per cent. 


It is concluded that it is safe, for open- 
protected motors, to consider a tem- 
perature-rise value by thermocouple as 
representing 85 per cent of the hot-spot 
value and to consider a temperature-rise _ 


value determined from differences of re- 


sistances as representing 92 per cent of the 
hot-spot value. . 

For totally enclosed motors, it is con- 
cluded that it is safe to consider a tem- 
perature-rise value by thermocouple as 
representing 90 per cent of the hot-spot 
value and to consider a temperature-rise — 
value determined from differences of re- 
sistances as representing 95 per cent of the 
hot-spot value. 


Third Set of Tests* 


DeEscRIPTION OF Motors TESTED 


The motors tested were rated 1/30, 1/4, 
1/;, and %/, horsepower at 1,725 rpm. 
The polyphase motors were all one-third 
horsepower and were approximately the 
same physical size as the one-fourth-horse- 
power single-phase motors. The windings 
of half of the motors were impregnated 
with .an insulating varnish in the con- 
ventional manner. The rest of the 
motors were built with preimpregnated 
insulation and did not have the con- 
ventional varnish impregnation © after 
winding. 

Both the open and totally enclosed — 
motors had fans on both ends of the rotor. 
In the open motors both fans draw air in 
at the bearing and expel it through open- 
ings in the periphery of the end shield. 
In the totally enclosed motors the fans 
merely stir up the air. The open motors 
were protected to such an extent that 


Soe ee eee 
* Data reported by General Electric Company, 
Fort Wayne, Ind. 
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Figure 5. Schematic location of temperature 
indicators in General Electric motors 


O Mercury thermometers 
x Surface thermocouple 
O Embedded detectors 
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Figure 6. Temperature rise by mercury ther- 
mometer of General Electric motors 
o Impregnated winding 
x Preimpregnated winding 


a 


mercury thermometers could not be 
placed on the windings without dis- 
assembly. 


LOCATION OF TEMPERATURE INDICATORS 


Twenty thermocouples were embedded 
in the winding of each motor in an en- 
deavor to locate the hot spot and deter- 
mine the magnitude of the temperature 
gradients in the winding. Four were em- 
bedded in the approximate center of the 
end turns, two on each end. Four were 
embedded in the center of slots, two in 
the slot having the highest space factor 
and two in the slot having the lowest 
space factor. Twelve were distributed 
around the periphery of the slots at the 
center of the stacking, four between the 
slot wedge and the tooth lip, four at the 
side of the slots, two at the bottom of the 
slots between the iron and the slot in- 
sulation, and two at the bottom of the 
slots between the slot insulation and the 
winding. 

When the stator was ready for as- 
sembly, four thermocouples were in- 
stalled between turns in the end turns, 
twoineachend. It would be possible to 
install thermocouples in similar locations 
in almost any fractional-horsepower in- 
duction motor without damage to the 
winding, but it would not be possible so to 
place mercury thermometers. The loca- 
tion of these thermocouples is shown sche- 
matically in Figure 5. 


TEST PROCEDURE 


The steady-state temperature rise of 
the stator windings was meéasured by 
four methods: embedded detector, re- 
sistance, thermocouple at the hottest spot 
accessible in the completed stator, and 
mercury thermometer. 


132 TRANSACTIONS 


nose 
eee 
Poot 


oT peor ah ee ee Bh 
Figure 7. Temperature rise by resistance of 
General Electric motors 
o Impregnated winding 
x Preimpregnated winding 


Cold resistance was measured after 
“‘soaking”’ the motors for approximately 
12 hours in a closed room. At least six 
measurements of resistance were made 
during the first three minutes after shut- 
down to establish a cooling curve. In 
almost every test, the first reading was 
within 30 seconds of shutdown. The 
cooling curve was plotted on semi- 
logarithmic paper and extrapolated to 


shutdown time to determine the tempera- — 


ture rise by resistance. 

After the first two heat runs, holes were 
drilled in the motor shells so that two mer- 
cury thermometers could be placed per- 
manently on the windings. It normally 
would not be possible to place mercury 
thermometers in an equally good position 
on motors intended for service, but it 
would be possible on motors selected as 
representative of a lot. 

All tests were taken at an ambient 
temperature of 25 to 35 degrees centi- 
grade in substantially still air. A dyna- 
mometer load was used to obtain ap- 
proximately 55-degrees-centigrade rise 
on totally enclosed motors and 40-degrees- 
centigrade rise on open motors by mer- 
cury thermometer. 

The maximum temperatures obtained 
by four methods in 16 heat runs are shown 
in Table IV. 


DISCUSSION AND CONCLUSIONS 


‘ In the following discussion, hot-spot 
temperature is defined as the highest tem- 
perature measured by embedded _ther- 
mocouple. Analysis of the complete test 
data indicates that it is very improbable 
that the true hot spot is significantly 
higher in the motors covered by this re- 
port. 

The temperature rise (highest reading) 
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Figure 8. Temperature rise by surface thermo- 
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couple of General Electric motors — 


<= 

t 

ing 

o Impregnated winding  — : 


x Preimpregnated winding 


by mercury thermometer, 


resistance, : 


: 
| 


and end-turn thermocouple is plotted _ 


against hot-spot temperature in Figures _ 
6, 7, and 8. The curves, which are 
straight lines through the origin, show | 


average-, maximum-, and minimum-tem-_ 


perature rise as a fancuos of hot-spot-_ 


temperature rise. A wide spread be- 
tween curves indicates poor co- ordination 
with true hot-spot temperature; that is, 
a poor method. 

In actual testing, the measured tem- 


pendent variable. 


would be obtained with certain arbitrarily 
selected measured temperature-rise limits, 

The principal advantages and dis- 
advantages of the three methods used are 
as follows: 


Mercury Thermometer: 
Advantages: Equipment 
established practice. 


availability ; 


Disadvantages: Large difference between 
measurement and hot spot; extreme diffi- 
culty in properly placing thermometers in 
small and in totally enclosed motors. 


Table V 
ERS ene eee ee 


Measured Range of Hot Spot 
Tem- Rise Rise 
pera- Totally Tem- Totally 
ture En- _— perature En- 
Open, closed, Open, closed, 
De- De- De- De- 
Test Method grees grees grees grees 
ee 
Mercury ther- ; 
mometer.,.... DO ones Oh se ere 62-66... .60-73 
Resistance...... GOR. ae Gn. or 60-68... .66-72 
Thermocouple...60...... 65:22 61-68... .65-69 
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a 


. perature rise is, of course, the independ- — 
ent variable, and the hot-spot tempera-’ 
ture which is to be controlled is the de- | 

Table V shows the — 

-range of hot-spot temperatures which 


Temperature Rise ~ 


= ol 

rh = - =a 5 ne 0 
er il By By By EAS 
3 _. Thermometer Thermocouple Resistance s 2 
i Se : qa. 
be De- Per De- ~ Per De- Per is) ~A 
3 : grees Cent grees Cent grees Cent . @ B, 
= ws, Centi- of Centi- of Centi- of — 94% 
Horse- grade, Hot grade Hot grade Hot be 
power Winding Actual Spot Actual Spot Actual Spot ams 
ee ENE 3/4.. .Untreated....39.0....94....89.5....95....40.0....96.....41.5 
Bris sry opin 8/4... Treated .....38.5....93....39.5....95..+.40.0...).96.....41.5 
ae G in enclosed......-- 3/4... Untreated SC SRC USO e achaor ORO RSS coor, Aa 62.5 
-3....Plain enclosed....... t/a reateds a.» s1° Be B Od ae OO Ome Okie a CaL Ot. nso) laskenten 59.0 
3 3... Enclosed fan-cooled. ..*/4.. .Untreated....48.0....83 SEeAONO es Shere te 02 Or Olean 58.0 
_3....Enclosed fan-cooled...#/1. .. Treated Se Sask SOUSA TS we tS  Oneaa SSie IOS, 40 eater ialetiet 54.5 
_1....Dripproof........--- 8/4,.,Untreated....36.0....74....45.5....94....43.4....90 PepoK 48.5 
Bie ee SO TIpDLOOL «7 sre», «1+ <= 3/4... Lreated....«« BS) OF ean 4 Or On eee OA een odOe eo bait 48.0 
1....Plain enclosed.......- 3/4... Untreated....65.0....95 Fe Ge Ota OG cer OO ose nO Orartere 68.5 
1....Plain enclosed....... 2/4,..Treated,....- 50 Omer sere Gk. See at a OOD earjOO tes ae 63.5 
"1... . Enclosed fan-cooled...*/a...Untreated....44.0....75....52.5....89....53.5....3! evn 59.0 
3 1, ...Enclosed fan-cooled.../4... Treated cosope AD OMe et Qe 1249) Dies hs OSons OU sO ein O ke re. 53.5 
1 _..Dripproof.........--1/4...Untreated....40.5....90 PASCO sO ec wie Aeis are OSs sieses 45.0 
Te TD ripprool .< «a's an ee l/4..- Treated.in. 0. BS. O nea see AD et Ohl els Ont eee ee ate 45.5 
1....Plain enclosed........ 1/4... Untreated....63.0....91 FARIS ea pclae Os SS EP oon He 69.5 
1....Plain enclosed.....-.- 1/4...Treated...... BO Oem S85 5 nO 4 sO se. FOws 1 OF Onis Oates 6 67.0 
Resistance: mata ture rise by any method, the tests show- 
Be asteecs: _ Equipment availability; ing the most difference between tem- 


usually no disassembly or damage; good 
- co-ordination, with hot spot. 


ie 
_ Disadvantages: Requires more skill and 
_ care, since only one reading is obtained. 


ae. 

_ Thermocouple: 

Advantages: Easy to measure temperature 
_ at several places, good co-ordination with 
hot spot, continuous readings during run. 


i 


struments; disassembly before and after 
- test; same low temperatures as mercury 


4 thermometers, if end turns are heavily taped 
or puttied. 


e The characteristic which it is desired 
~ to control is the hot-spot temperature. It 
_ generally is agreed that the hot-spot tem- 
- perature is not directly measurable on 
~ normal commercial machines by simple 
~ methods. Since a secondary measure- 
ment is necessary, the quantity measured 
should be related closely to hot-spot tem- 
perature so that, first, the user will be 
__ protected adequately and, second, the 
average motor will not have an un- 
necessarily large size. 
According to this criterion, the meas- 
urements of temperature rise by resist- 
- ance and by thermocouple in the end 
turns are equally good. Both methods 
measure a temperature considerably closer 
to hot-spot temperature than mercury 
thermometers do, and, at least in. totally 
enclosed motors, the measurement is a 
more consistent indication of hot-spot 
temperature. Since measurement by 
resistance and by end-turn thermocouple 
appear to be equally accurate and, depend- 
jng on testing conditions, either may be 
more convenient than the other for a par- 
ticular motor, both methods should be 
recognized in the standards. The mer- 
cury-thermometer method, which is both 
jess accurate and less convenient, should 
be discontinued. 
In determining the standard tempera- 
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Disadvantages: Relative scarcity of in- . 


perature rise by this method and hot-spot 
temperature rise should be given the most 
weight. According to this criterion, 
65-degrees-centigrade rise by resistance 
or end-turn thermocouple is equivalent to 
55-degrees-centigrade rise by mercury 
thermometer for totally enclosed motors, 
and 60-degrees-centigrade rise by re- 
sistance or end-turn thermocouple is 


equivalent to 50-degrees-centigrade rise 


by mercury thermometer in open motors. 


Fourth Set of Tests* 
DESCRIPTION OF Morors TESTED 


The test motors were built using all 
standard parts except the stators. T he 
stators were the standard ones used for 
dripproof motors of their rating, except 
that they were wound with a number of 
thermocouples embedded in the slots 
and in the end turns. The same stators 
were used for all tests of a given rating 
regardless of the effect of the enclosure 
on the temperature rise at rated load. 

Three different four-pole 60-cycle induc- 
tion motors were tested, a three-fourths- 
horsepower polyphase squirrel-cage mo- 
tor, a three-fourths-horsepower single- 
phase repulsion-start motor, and a one- 
fourth-horsepower, single-phase repulsion- 
start motor. Each of the three-fourths- 
horsepower motors was tested with the 
following constructions: 


1. Dripproof. 
2. Totally enclosed nonventilated. 
3. Totally enclosed fan-cooled. 


The one-fourth-horsepower motor was 

tested only in the dripproof and totally 

enclosed nonventilated constructions. 
Ventilation of the dripproof motors was 


* Data reported by The Master Electric Company, 
Dayton, Ohio. 
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obtained by the use of a single fan 


a7, Gt 


mounted inside the end shield at the shaft- 


projection end of the rotor or armature. ; 
_ The totally enclosed nonventilated motors — es 


were entirely self-cooled. Motors using 
totally enclosed, fan-cooled construction 
were cooled in the conventional manner 
by a fan mounted on a shaft projection 
opposite the normal projection. — Such 
motors had no internal fan. ; 
Dripproof end shields were used rather 
than the old-style open shields, because 
most present-day fractional-horsepower 
open motors are practically dripproof 
motors. 


LOCATION OF TEMPERATURE INDICATORS 


For the determination of the hot spot, 
thermocouples were placed in the winding 
when the conductors were being inserted 
in the slots. 
dicators are shown in Figures 9 and 10. 
In addition an indicator was placed be- 
neath the slot insulation to allow the 
measurement of the iron temperature. 

It should be noted that it is a simpler 
problem to locate the hot spot in a poly- 
phase stator than ina single-phase stator, 
because the heat is generated uniformly 
in a polyphase stator, whereas the usual 
single-phase stator has regions of greater — 
and lesser heat generation, depending 
upon the distribution of the winding. 

The hottest accessible spot in the 
polyphase motor was determined by tests. 
to be between stator coil ends at the end of 
the winding opposite the shaft projection. 

In subsequent tests a thermometer was 


Figure 9. Thermocouple and thermometer 
locations in slots and coil ends of Master poly- 
phase stator 


O Mercury thermometer 
x Surface thermocouples 


o Embedded detectors 


Figure 10. Thermocouple and thermometer 
locations in slots and coil ends of Master 
single-phase stator 


DO Mercury thermometer 

x Surface thermocouples 

o Embedded detectors 

A Hottest spot accessible to surface thermo- 
couple 
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The locations of these in- — | 


Ot Eies te ce ea ee 


nt ee 


ead here (see Figure 9) and the ex- 
posed portion of its bulb covered with 
modeling clay as recommended in AIEE 
Standard 9, A thermocouple was tied in 
place as close to the thermometer bulb as 
~ was possible. 

The construction of the single-phase 
motors was such that the thermometer 
(see Figure 10) had to be placed on the 
outside of the coil-end extension. In 


_ this type of motor a much more desirable 


place was available for the location of a 
thermocouple, namely in the interstice 
formed where the coils were tied on the 
ends. A surface Bap a was placed 


at this point. 


_ Test PROCEDURE 


Motors were loaded until the tempera- 
ture rises were approximately 40 degrees 
centigrade for the dripproof construction 
and 55 degrees centigrade for the totally 
enclosed constructions. Each test was 
continued until all temperature indicators 
remained constant for at least four con- 
secutive readings spaced 15 minutes 
apart. After shutdown the resistance of 
the stator was measured several times in 

a period of approximately five minutes to 
permit extrapolation of the time—resist- 
ance curve back to the time of shutdown. 

The same stator and temperature 
indicators were used for all tests of a 
given rating and were in exactly the same 
locations. 

Results of these tests are shown in 
Table VI. 


DISCUSSION AND CONCLUSIONS 


Hottest Spot in Stator. It was found 
‘that the hottest spot in each of the motors 


- Oat waa 4 


stator. ia the case of f total en 
motors there were often several spots at 
- the maximum temperature, but the loca- 


tion just described was always” one of 


these. 

Hottest Normally Accessible Spot in 
Stator. An examination of the data 
for the three-fourths-horsepower poly- 
phase motor shown in Table VI indicates 
that when thermometers and thermo- 
couples are placed identically there is rela- 
tively little difference between their 
indications. In cases where construction 
is such that the thermometer can have 


only a limited contact with the winding, 


the use of properly placed thermocouples 
gives a definite advantage because of the 
ease with which a surface-thermocouple 
may be inserted in a desirable location. 

All of the data shown herein indicate 
that the hottest accessible spot in an in- 
duction-motor stator which is ventilated 
by a single internal fan is at an interstice 
in the coil-end connections at the end 
opposite the fan. 

Temperature Rise as Indicated by 
Change in Stator Resistance. The tem- 
perature rise calculated from the change 
in stator resistance can be seen to provide 
a dependable-means for determining the 
temperature rise of stators. 

For greatest accuracy the resistance 
should be measured at suitable intervals 
up to about five minutes after shutdown, 
the curve of resistance versus time after 
shutdown plotted, the curve extrapolated 
back to zero time, or time of shutdown, 
and the stator resistance at this time de- 
termined. This curve may be plotted 


tested was located near the center of the on ordinary co-ordinate paper. Usually 
- 
Table VII 
Temperature Rise 

© 

By Mercury Surface By ae 8 
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— aaw 
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Fifth Set of Tests 


DESCRIPTIONS OF Motors TESTED 


Tests were made on fractional- horse 
power motors employing laminations in iy 
common use. These had four flats form- 
ing four open sectors between core and ; 
shell. Other designs used completely — 
round laminations with better op- | 
portunity for heat conduction from lami- _ 
nations to outer shell. Ventilation with :| 
such construction was by fans at both — 
ends. 

In all cases the slots were insulated by — 
0.010-inch insulating paper. Formvar — 
or enamel-insulated wires were used, and 
the windings were not varnish treated. 

No attempt was made to use windings 
representing commercially acceptable tem- 
perature rises. The enclosed motors were 
not intended for such service and in some 
cases the load was reduced to prevent 
excessive final temperatures. 

Past experience indicated that the fans 
used with this line of motors differed in ~ 
their effects with direction of rotation. 
For that reason many of the tests were 
repeated with reversed rotation, forming 
a convenient check on results. 


LOCATION OF TEMPERATURE INDICATORS 


Approximately 64 thermocouples were 
used with a potentiometer. Embedded 
thermocouples were placed in the centers 
of all coils and on the centerline of the 
field cores at the time of winding insertion. 
Thermocouples on the surfaces of the end 
coils were held in place by fuller’s earth 
and sodium silicate. 


TEST PROCEDURE 


Although it would be a comparatively 
simple matter to arrange a series of heat 
runs, measuring the rise by various meth- 
ods, such a procedure still could leave un- 
answered several questions which might 
possibly have affected the results, For 
this reason, possible influential factors 
were listed and a series of tests arranged 


*Data reported by Robbins and Myers, Inc., Spring- 
field, Ohio. 
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E Figure 11. 


so that the effect.of these factcis might be 


The amount of cooling air and the man- 


os up, if present. 
4 
— 


ner in which it is passed over and about 


“the cores and windings are of importance 


4 in determining the final temperature rise 


of open motors. 


dissipation facilities. 


However, practical 
_ considerations limit air-delivery and heat- 
Within such limits 


- it would appear that the general pattern of 


a 


temperatures throughout an open motor 


: would be unaffected by the amount of 
3 cooling air. For this reason changes in 


_ fans and amounts of cooling air were not 


planned as factors in these tests. 


In the 


fully enclosed motor, heat-transfer and 


- ‘dissipating facilities influence the final 


temperatures. However, the general pat- 
_ tern of temperatures throughout a closed 
_ motor was believed to remain unchanged 


3 by such features. 


Tests investigating possible ventilation 


- effects, therefore, neglected the above 
_ factors and considered instead only the 
_ following conditions: 


~ 1. Open motors: 


end-to-end ventilation; 
- end ventilation. 


= 2. Closed motors: no special heat-dissipat- 


_ ing methods employed. 


The ratio of slot area to slot length 


_ might influence temperature gradient and 


hot-spot values. Or in other words, it is 


- conceivable that a change in core length, 


for the same laminations, might result 
in a similar change in hot-spot and end- 
coil temperature differentials. To in- 
vestigate this possible effect, tests were 


_-made with motors having different lengths 


of core. 

In designing single-phase motors, the 
extent of the distribution of the concentric 
stator coils frequently affects the final 
temperature rise. Some designs show a 
reduced rise through distributing the 
field in more slots. The possible effect 
of this distribution of coils and héat on 
hot-spot temperatures was investigated 
by repeating tests with three coils per 
pole and four coils per pole in the stator 
winding. 

It was assumed at the outset of these 
tests that, even if the possible items listed 
previously should prove to be of no in- 
fluence on the final pattern of tempera- 
tures, the repetitive nature of the tests 
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Sccdonal view - showing» venti- 
_ lation of Wagner one-sixth-horsepower single- 
4 phase and ees motors 


“perature by reflected heat. 


Figure 12. Sectional view showing ventila- 
tion of Wagner one-half-horsepower polyphase 
motors 


would prove of value as a check on results. 
These items formed the key shown on the 
test sheets by which individual heat runs 


“can be identified. 


The motor under test was clamped to a 
metal bedplate on the dynamometer 
stand. Some heat flow to the bedplate re- 
sulted, but it was thought unnecessary 
to attempt to eliminate or minimize this 
effect. 

Results of these tests are shown in 
Table VII. 


DISCUSSION AND RECOMMENDATIONS 


One disconcerting result noted at once 
in the tabulation, is the tendency for re- 
sistance measurements to indicate tem- 
peratures higher than the hot-spot values. 
(Percentage greater than 100.) Since re- 
sistance measurements presumably rep- 
resent an average, this shows an average 
greater-than its highest component. 
There are three possible explanations: 


1. The true hot-spot was higher than that 
read. Had only a few thermocouples been 
*used, it would be likely that such a spot 
could be missed. Under the circumstances 
it seems unlikely. 


2. The rotor was considerably hotter than 
the stator copper, and immediately on shut- 
down the stator copper increased in tem- 
Such a phenome- 
non is frequently observed. Such an ex- 
planation would not hold here as the repeat 
test with opposite rotation then should have 
shown the same effect with the ratio also over 
100 percent. It will be noted that this never 
occurred. 

3. The third, inescapable conclusion is that 
all temperatures by resistance showing this 
ratio greater than 100 per cent represent 
incorrect and, hence, useless readings. 


This point is mentioned because it 
shows up one defect in the rise-by-resist- 
ance method. The writers and the or- 
ganization with which they are connected 
have used resistance measurements for 
years as an indication of temperature rise. 
It has been used in those cases where it: 


1. Is the only practicable method. 


2. Forms a useful check on other measure- 
ments. 


To the writers it appears to be a one-shot 
method, with little chance for a check on 
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human or instrumental error. The pos- 
sible improvement by taking a series of re- 


sistance measurements, after shutdown at 


accurately determined intervals, does not 


appear to overcome the difficulties, be- — 


cause such points may rise or fall with 
time, depending upon reflected rotor — 
heat. Hence extrapolation of points to 
determine exact shutdown temperature 
appears as a dubious improvement. 

A few statements might be of interest: 


lp “The hottest spot measured by any em- 
bedded detector was never more than four 
degrees from that measured on the end coils 
of the same motor by thermocouples. 
Generally they were only one or two degrees 
apart. 


2. The general pattern of temperatures for — 


the various motors was very similar for end - 


thermocouples versus embedded detectors 
versus hot spots. In contrast, thermometer 
readings displayed the greatest range. 


8. Reduced stack did not result in a more 
uniform pattern of temperature with lower 
hot-spot increase. It must be remembered, 
however, that any one stack was provided 
with other variable elements, such as num- 
bers of coils and changes in ventilation 
method. 


4. It would appear that the introduction 
of cooling air into one end of the motor only, 
results in hot spots considerably higher than 
the average temperature. Ventilating both 
ends of the motor gives more uniform tem- 
perature rises. 


Sixth Set of Tests* 


DESCRIPTION OF Motors TESTED 


The ratings tested consisted of a one- 
sixth-horsepower sitfgle-phase capacitor- 
start induction motor, one-sixth-horse- 
power three-phase, squirrel-cage induc- 
tion motor, and a one-half-horsepower 
three-phase, squirrel-cage induction mo- 
tor. Tests were made with the windings 
untreated both as open and totally en- 
closed motors. The windings then were 
treated with insulating varnish, and the 
tests were repeated both as open and to- 
tally enclosed motors. The reason for 
making tests with the stator windings 
both treated and untreated was to deter- 
mine whether the temperature rise might 
be affected by the varnish treatment. 
The reason for making tests both as open 
and totally enclosed motors was to de- 
termine whether the temperatures in 
various parts of open motors are as uni- 
form as they are in totally enclosed mo- 
tors. The general construction of the 
one-sixth-horsepower motors is shown in 
Figure 11. It will be noted that the one- | 
sixth-horsepower motors have ventilating 
spaces between the stator core iron and 
the frame, and the rotor is of cast alumi- 
num construction with blower blades on 
only one end. The construction of the 
one-half-horsepower motor is shown in 


* Data reported by Wagner Electric Corporation, 
St. Louis, Mo. 
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LOCATION OF TEMPERATURE INDICATORS 
- Sixteen thermocouples were placed in 
each of these motors in various slots mid- 
way between the two ends of the core 
stack and distributed uniformly around 
the circumference. Some of these ther- 


winding operating, and, therefore, all of 
them could not be used. The minimum 
number of thermocouples which were 
‘used in any of the motors is nine in the 
_ one-sixth-horsepower single-phase motor. 
It is believed that enough thermocouples 
were used in all of the motors to obtain a 
fair approximation of the hot-spot tem- 
perature. Surface thermocouples were 
placed on the hottest accessible part of 


< 


= thermometers also were placed in the 
hottest places which were accessible to the 
_. thermometers. 
- Test PROCEDURE 
— Continuous temperature tests were 
made on all three motors both open and 
totally enclosed with the windings treated 
and untreated. Particular care was 
taken to obtain accurate resistance read- 
ings, and the cold-resistance readings 
- were taken after the motors had remained 
in a room of practically constant tem- 
perature for a period of several hours. 
‘Hot resistances were taken within ten 
seconds after shutdown. This was done 
by using three more %o as to obtain the 
hot resistance in the shortest possible 
time. The temperature readings were 
taken on the thermometers and thermo- 
couples while the motor was operating 
and were not continued after shutdown. 
The same stator thermocouples and em- 
bedded detectors were used for all four 
tests on a given rating. 
The results are summarized in Table 
VIII. 


DISCUSSION AND CONCLUSIONS 


Although it is possible to obtain fairly 
accurate measurements of temperatures, 
using mercury thermometers, in motors 
which are so constructed that a ther- 
mometer can be placed in the right loca- 
tion, it should be borne in mind that many 
motors have mechanical features which 
prevent the satisfactory use of mercury 
thermometers without mutilating the 
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- mocouples were damaged during the 


the free ends of the winding, and mercury | 


Enclosure 


~ 


Open untreated. . 
Open treated.. psa Filey 


Plain enclosed ‘un- 
‘treated: ajc «es « of 

Plain enclosed 

treated. oe si o1+ 


1 


Thermometer, Per Surface Thermocouple, Re 


Table 1X. Summary of Tests on Fractional-Horsepower A 


Cent of 


Manufacturer Enclosure Cent of Hot Spot Per Cent of Hot Spot 
Century jo) acs coke Opén.cs tind ieee © oR Oe: S4-O2iit cae ris TOSQQ=0 5 PASE rates carne Oah nia -. 
Emerson........--++ Opent Ace See 61-78 Fim. eg ase 87-95 pso.cpm ..93-98 
General Electric...... Open... ....+ 0+ eee ee eeeee OBO Ls cole «aie? ana ous S = 89-08 20 oie ..89-100 
Master. soe avtae se ncente Openseeeete hice ese A= OA a alot roa werent Q4-07 4 oe >. - 90-96" : 
Robbins and Myers...Open......--.--++++-+-55 71-98. site seaietspuee: 92-102. sce ees 88-103 
Wagner.........-. Onsen Od eraeomeac 7089) Boris asta aces 84-1028 cc Seve wae .. 92-99 
AWGesis.moetc eens Open ihiin oes sacisec tet BL-O8 ioe sano ata B4=108. co nee ; 88-103 
Century sccec iso oe ..Plain enclosed...........- EOF crap athapad oleeiatens 92299 SS crac eis eure reral 94-94 
Emerson. ....:.-..-- Plain enclosed.....:---.-- O=7G Sarre cfigectetste tere 9108s. So atare estes 96-100 
General Electric...... Plain enclosed.........-.- 75-02 Ty lacmarel yes 95-100 6 . 90-98 
Master nei ct anstate terriers Plain enclosed............ BSH95.o.c.- sagan agalstajeve ss OD =-98 cisce ajc s kn sreregs 92-99 + | 
Robbins and Myers. ..Plain enclosed............ G2=Od via mee ejection se ‘96-101 45... 2. eee 89-106 
Wagnefinccctiesy< «item Plain enclosed.... .. Sere 82-96 see ait hese (89=102:. 2. ces G etnies 93-100 
All tests a2 es tee ore Plain enclosed...........- 70=9 fica ae ist MARE soe sion 89-106 . 
Waster a errctieerte Enclosed fan-cooled....... T3883 whe singdayceek ne 85-938) ocak teusclacivitie 91-97 


* Frame temperature. 


motors. In such cases the temperatures 
taken are quite likely to be lower than the 
true values, and the actual operating 
temperatures of such motors are a good 
deal higher than the observed readings. 


On the other hand, thermocouples are 
flexible and may be placed readily on the 
hottest parts of windings so that readings 
taken using surface thermocouples are 
more nearly correct than those which are 
obtained by using mercury thermometers. 
It is, therefore, suggested that the use of 
mercury thermometers be discouraged. 
This might be done by specifying the use 
of thermocouples and eliminating the use 
of mercury thermometers, or by specify- 
ing a new method which would consist 
in the determination of temperatures by 
means of thermocouples applied to the 
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hottest part of the machine accessible to 
thermocouples. 


Summary of Data Reported 


by All Companies : | 

A brief summary of the preceding data — 
is given in Table IX. In this table, as 
in the preceding tables, the maximum _ 
temperature obtained by embedded de- 
tector is considered the hot spot. When — 
temperatures by surface thermocouple 
or resistance exceed those obtained by 
means of the embedded detector, either 
one of two conclusions may be reached: © 
either the embedded detector was not 
placed in the hottest part of the winding, 
or an error was made in the measure- 
ments. 
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-ERUSHING current transformers are 
‘B® ideal for «many reasons. They are 
_ compact, convenient, economical, and, 
_ from the operator’s standpoint, they 
eliminate a separate piece of equipment. 
_ But they have one inherent limitation, 
_ namely, an accuracy generally not satis- 
_ factory for metering. 
' therefore have been made in the past to 
vercome this inherent limitation of the 
- conventional design, with considerable 
_ success in the laboratory but limited suc- 
cess in practice. 
_ The factor that causes inaccuracy in 
- current transformers is a minute nui- 
_ sance burden (1-10 volt-ampere excita- 
- tion loss) consumed in the core.- The 


—— 


: bushing-type current transformer is handi-. 


- capped particularly in this matter be- 
cause its exciting ampere turns are nec- 
essarily very few, the primary winding 
consisting of but a single turn, a through 
- conductor, and, therefore, for a given 
instrument burden into which a given 
~ current is to be transformed, the volts 
per turn, the flux density, and the volt- 
amperes consumed by the core have to be 
- correspondingly higher. It may well 
- surprise one that in all these years some 
_ way has not been found to deliver these 
- few volt-amperes from the. powerhouse 
_ by some means that will relieve the pri- 
_ mary from this nuisance burden. A sig- 
nificant step now has been taken in this 
direction. The device is called ortho- 
magnetic for reasons explained below. 


o 


_ Principle 


If a core is-excited from an a-c source 
and then a higher-frequency excitation 
superimposed on it through a separate 
winding of suitable design, maintaining 

* the original excitation unchanged, it will 
be observed that the volt-ampere input 
by the original (lower-frequency) circuit 
is diminished by the superposition, al- 

- though the total losses in the core may be 


Paper 45-24, recommended by the AIEE committee 

on instruments and measurements for presentation 

- at the AIEE winter technical meeting, New York, 

N. Y., January 22-26, 1945. Manuscript sub- 

“mitted November 6, 1944; made available for 
printing December 8, 1944. 


A. Bovajran and G. Cammy are in the power 
transformer engineering division of the General 
Electric Company, Pittsfield, Mass. 


The authors are indebted for the current-trans- 
former tests and adjustments to the General Elec- 
tric Company engineers W. B. Connover and J. M. 
Camerlengo of the works laboratory, Pittsfield; 
and for the excitation data to engineers B. M. 
Smith and B. D. Templer of the general engineering 
laboratory, Schenectady, N. Y. 
| 
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considerably increased. That is, the 
higher-frequency source furnishes more 
than what might be considered its proper 
share of the total volt-amperes consumed 
by the core; the lower-frequency source, 
less than its share. Thus, toward the 
lower-frequency source, the iron be- 
haves as an improved material; toward 
the higher-frequency source, as a de- 
graded material. That this cannot be 
a matter of one circuit delivering power 
to the other circuit in the ordinary way 
will be appreciated by remembering the 
mathematical law that voltage at one 
frequency cannot produce power with 
current of another frequency. In fact, in 
the practical application of the principle 
under discussion, the two circuits are 
designed with their mutual inductances 
balanced out (Figure 1), so that the 
higher-frequency circuit cannot induce 
any current in the lower-frequency cir- 
cuit, and vice versa. It will be seen in 
Figure 1 that the connections of coil 62 
are reversed, making the mutual induction 
between coils a2 and b. opposite to that 
between a; and b;, and therefore the mu- 
tual induction between circuits A and B 
will be zero. 
used in making the two cores and wind- 
ings alike in the current transformers here 
reported, no appreciable current of higher- 
frequency could be detected in the lower- 
frequency (primary and secondary) cir- 
cuits (Figure 6). 

Some understanding of the rationale 
of the phenomenon perhaps may be 
gained from the following elementary dis- 
cussion. 

Referring to Figure 2, let a-b-c-d-e 
represent the hysteresis loop correspond- 
ing to the 60-cycle excitation in the ab- 
sence of any other excitation. If the 
state of affairs at the point a is consid- 
ered, it is seen that the magnetizing cur- 
rent is zero, and there is a residual mag- 
netism a-a’. If, now, a high-frequency 
excitation is superimposed on the core 
(the higher the frequency the better for 
this explanation), this-residual magne- 
tism will be eliminated after several 
cycles of the high-frequency excitation, 
and a will move up to a’: that is, while 
the low-frequency current is still the 
same, the flux density corresponding to 
it will be changed. 

If the low-frequency ampere-turns 
are equal to the abscissa of b, then nor- 
mally, in the absence of any other exci- 
tation, the flux density will be the or- 
dinate of b, representing a residual mag- 
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netism b-b’, where b’ is some intermedi- — 
ate value between the ordinates of the — 
ascending and the descending portions _ 
of the loop for the given abscisssa. If, — 
now, a high-frequency excitation is su- _ 
perimposed, this residual magnetism is 
eliminated, and b moves up to b’. eg 

Similarly to the foregoing, under the _ 
residual demagnetizing action of the — 
high-frequency excitation, ¢ moves to c’, — 
and so forth, and thus the low-frequency _ 
magnetization moves along a’, b’, c’, d, . 
c’, b’, a’, and so on, instead of a, b,c, d,e. 
Thus, theoretically, the low-frequency 
hysteresis loss can be eliminated with the — 
aid of simultaneous high-frequency ex- _ 
citation. The low-frequency eddy-cur- — 
tent loss, however, cannot be affected 
materially by the high-frequency excita- 
tion. 

That the hysteresis loss associated with 
a d-c loop is reduced, if simultaneously an 
a-c excitation is superimposed, seems to 
have been observed first by Gerosa and 
Finzi in Italy more than half a century 
ago. Later investigators observed that, 
if two a-c excitations are applied simul- 
taneously, the higher frequency excita- 
tion tends to furnish a larger fraction of 
the hysteresis loss. In the late ’20’s the 
present authors discovered or redis-. ~ 


Figure 1. Diagram of connection to study 

the excitation characteristics of magnetic 

cores simultaneously excited at two different 
frequencies 


Figure 2. Performance of the auxiliary high- 
frequency excitation in reducing the residual 
flux due to the lower-frequency excitation 
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covered that not only the hysteresis loss 
but also the reactive volt-amperes can 


be reduced in this way, and they proposed 


- to utilize this principle to reduce the ex- 


citing current and thereby improve the 


accuracy of the bushing-type current. 


_ transformer.? Outwardly the device was 


somewhat similar to the one here re- 


ported, but it could not be reduced to 


‘commercial practice for several reasons., 
First, the frequency of the auxiliary ex- 
citation would have to be about seven 


times that of the circuit to be metered, 


and so, since there was no commercially 
feasible means of securing such fre- 
quency, the idea could not be exploited 
commercially. Second, even if this fre- 
quency were provided, only borderline 


Table |. 
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cases could be improved to good. 
by this means, because the reduction 
would be fractional at best, and the scope 
of the application of the principle would 
be very limited. ; ' 
The new factor in the situation which 
makes the auxiliary higher-frequency ex- 
citation a success where it had failed be- 
fore is the discovery that the volt-ampere 
characteristic curve can be linearized by 
proper choice of auxiliary excitation, 
that the benefits derived from this prin- 
ciple may be many times those from a 
mere reduction of either the watt losses 
or of the exciting current, and that, if 
advantage is taken of this fact, triple- 
frequency instead of sevenfold frequency 
auxiliary excitation may be used. 


69-Ky Current Transformer 


100:5 Amperes (20 Secondary Turns); Two Cores, Each 105/s Inches Inside Diameter by 
195/, Inches Outside Diameter by 51/4 Inches High; Total Core Weight=100 Pounds 


x 


Plain 
Current Transformer 


Triple Frequency : 
Excitation Added Impeder (Z) Added Autotransformer 


Complete With 


Ratio Ratio Ratio Ratio 
Second- Cor- Phase Cor- Phase Cor- Phase Cor- Phase 
ary rection Angle, rection Angle, rection Angle, rection Angle, 
Burden Amperes' Factor Minutes Factor Minutes Factor Minutes Factor Minutes 
ees ee Se oO ee ee ee ee 
Y .0.5....Off scale... Off scale...1.0215....+25....1.0184....+3....1.0005....+5 
(15 volt-am- 3 
peres, 0.9 a 
power factor) ) 1.0....Off scale... Off scale...1.0216....4+26....1.0184....+3... .1.0004....+4 
Bee mye OS2etarererere 21GB. cuss 1.0211....+21....1.0180....—1....1.0003....+1 
DO nsrainpedl | OOS, cays". 156.....1.0212....+16....1.0180....—5....1.0004....—2 
Table II. 161-Kv Bushing-Type Current Transformer 


Ratio 150/5 Amperes (30 Secondary Turns); Two Cores, Each 20 Inches Inside Diameter 
by 9243/4 Inches Outside Diameter by 2 Inches High 


High-Frequency With Impeder and 


- Astriple-frequency transformers 


Plain Current Transformer Excitation Added Autotransformer 
Ratio Phase Ratio Phase Ratio Phase 
Secondary Correction Angle, Correction Angle, Correction Angle, 
Burden Amperes Factor Minutes Factor Minutes Factor Minutes 
x OME eteyaiste celebs DONA ieretstet ols LOS eines nara V50022 5 cies 3 
(2.5 volt-am- LeQi apie tvs DPROUSAS icjaie)ecens BLS tee 1002775 .5.<.- 4 
peres, 0.9 power aU) a setts atehe AR OLS Sacre om G4 teas V0028 F0. . 4 
factor) BELO Bie. st TOUSO er. :01s oats BD wwisctetacs BOWEN Hane 4 
DjOsnrepleteteve SOUL oreretereiete rh Peer ees LT SO0083 cies leeis 5 
Y OjiDeperisisl sie TS O6GSe cis ie 262 Saree 10049). cvrecte Lees eitieis LOO DG eration +4 
(15 -volt-am- TOs sisias O59 Neite sexsrere LOG core VO15G6 cc cece TS ratecajere PROOSO ec erejece +3 
peres, 0.9 power ZO mieieciciels PLO5 10% a5: < 134 ook es SOLO Fetter DS pratictere 1.0047......+ 2 
factor) Sow asa dies US \O463 sarealere<’ LOS Peraaiecees 1.0158..5.<.: 1S. srerates 1.0045...... +1 
DEO. alee HSO400 eevee 12 senor TNOLSS ae ores UB icteie eters 1 004Sireci0 etc 0 
2 ORD stelorterets Off scale..... Off scale..... Us0443\70c ates L2G et carats HOO2Z0e veces +18 
(50 volt-am- DO aie ee eh Off scale..... Off scale..... 1.0489)... 53% L20 e aietsie « 1 0014.22. +10 
peres, 1.0 power DO sietareranele Off scale..... Off scale..... 1.0433...... VOS sete ees T0008 Bev. tare + 2 
factor) Dia eis eletsietere TOSS ierercters tere ce Chea od 1.0433...... TOQsereaters TOOT 2 eiearcras —-—4 
ALOR traverse TOS Mere crererctexs SOOkeretsretere 1.0440...... LOO r vise 1.0018...... —-7 
BE Oia ans cece NAO fcryan O08 250 eee 1.0442...... LOOM. ace TOOTS As aercts —14 
Table Ill. Transformer as in Table 11 But Wound for 300/5 Amperes 
High-Frequency Excitation With Impeder and 
Added Autotransformer 
Ratio Phase Ratio Phase 
Secondary Correction Angle, Correction Angle, 
Burden Amperes Factor Minutes Factor Minutes 
Y 0.5 1.0046 +3 1.0003 
hchb gels oie nets : Nie adaticc seueveharotatatares ive Srrace gas is 
(15 volt-ampere, Le Diets sisi tue Saenete T0045 iia. eee tral ster shave; olsitiers UROWUES Fon Sa 5 ic 
0.9 power factor) Bie Gas tie eee 1004325). Sites id Beans chanel eisrertae NGUUO REE Sain se +2 
Die are a;ensy sronecskaterake 10041 2510 0.<tcroee es Masel aiates relays rela OV9998) 5 acisccyvete —1 
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ee * 4 
Figure 3. Diagram of connection of a 
bushing-type current transformer with auxiliary — 

triple-frequency excitation 


B=primary conductor ues - 
1 and 2=cores : | 
H, and He=winding for the triple-frequency — 

excitation : 
C=auxiliary winding 4 
Z=compensating burden = a 


E=main secondary winding 
T=autotransformer 


F=burden ; | 
; t 


A device incorporating a core of which 
the magnetization has been rendered — 
straight, by auxiliary higher-frequency — 
excitation, has been christened by the — 
authors orthomagnetic (having straight-_ 
line magnetic characteristics). 


Current-Transformer Circuit / 5 : 


In Figure 3, B is the through con- : 

ductor of a bushing and constitutes the — 
primary winding; 1 and 2 are duplicate © 
wound-strip cores; E is the secondary 
winding; H:—He, the 180-cycle excita- 
tion winding; JT, an autotransformer in-_ 
serted between the secondary winding 
and the burden, with a number of small 
tap-steps to make precise adjustment of 
the current ratio; Z, a phase-angle com- 
pensating impeder; and F, the burden. 
_ The need for the autotransformer will 
be appreciated, if it be remembered that 
the primary being only one turn and the 
secondary 10-50 tums, one secondary 
turn may represent a two-ten per cent 
step which would not be fine enough. 
The autotransformer and the impeder 
are a separate piece of equipment from 
the current transformer and may be 
mounted apart from it. 

The equipment to furnish the 180-cycle 
excitation to the current transformer is 
shown in Figures 3 and 7, consisting of a 
wye-delta bank of three small single- 
phase transformers, with the corner of 
the delta opened for connection to the 
terminals of winding H,—H, as a single- 
phase system, while the wye-winding is 
excited from a three-phase 60-cycle 
source. 

As the theory of static third-harmonic 
generators (also called frequency-multi- 
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LOSS IN PER CENT OF LOSS” 
AT 60-CYCLE EXCITATION 


=e ...20 
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EXCITING CURRENT IN PER CENT OF EXCITING 
CURRENT AT 60-CYCLE EXCITATION 


Piers) is swell known, ‘we shall be satis- 


The capacity of the 180-cycle static 
generator shown in Figure 7 is. 400 volt- 
amperes and weighs about 25 pounds. 
_ The oe power ee into the 69- 


4 6,810 20 


4 6 810 
oo ea (KL PER SQ an 60 CYCLES 


40 60 80100 


(b). Exciting current 


Figure 4. Excitation characteristics of mag- 

netic cores (wound strip) when excited 

simultaneously at different Aux densities at 
69-cycles and at triple frequency 


Core density (kilolines per square inch), 
60 cycles 

A—2,500 lines per square inch, 180 cycles 

B—7,500 lines per square inch, 180 cycles 

C—15,000 lines per square inch, 180 cycles 

D—95,000 lines per square inch, 180 cycles 

E—39,950 lines per square inch, 180 cycles 


kv current transformers of Table I is 42 
watts at about 90 per cent power factor, 
and that into the 161-kv unit of Table II 
70 watts. The harmonic generator there- 


- fore can supply excitation to a number of 


current transformers. 

The harmonic generator is too large a 
load for potential transformers installed 
for metering service. 


‘Accuracy Characteristics — 


- The ratio and phase-angle characteris- 
tics of two such bushing-current trans- 
formers, one for 69-kv and the other for 
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161-kv circuits, ate exhibited in detail 


in Tables I-III. 

The significance of these exhibits as 
to the improvements accomplished may 
be gathered from a few of the items listed. 
For instance, for the 161-kv unit for 
150/5 amperes with wye-burden, the 


following figures are found in Table II: 


At0.5 Ampere At 5.0 Amperes 


Ratio Phase 


Ratio Phase 
Error, Angle, Error, Angle, 
Per Min- Per Min- 
Cent utes Cent utes 
Plain current 
transformer..... —6.7 ..+262..—4 te 
180-cycle exci- 
tation added....—1.5 ..4+ 12..—-1.6 . 13 
and auto- 
transformer 
also added...... —0.56..+ 4..—0.43.... 0 


The maximum ratio error is seen to 
have been cut down from 6.7 per cent 
to 0.56 per cent; the phase-angle error, 
from 262 minutes to 4 minutes. In the 
final result, as the ratio error varies 
between —0.43 per cent and —0.56 per 


‘ cent, it follows that if the measurements 


CORE DENSITY — LINES PER SQUARE INCH 


Hf ae 
EXCITING CURRENT —AMPERES(RMS)60CYCLES 


0.002 fe on 
Figure 5. Exciting current of wound-strip 
magnetic cores with and without- auxiliary 


triple-frequency excitation 


A—60 cycles 
B—60 cycles plus 180 cycles (32,250 lines 
per square inch) 


are multiplied by 1.005, the maximum 
ratio error of the result will be no more 
than 0.05 per cent, that is, about 1/2 of 
one per cent. 


Effect of Voltage Fluctuations 


Variations in the current-transformer 
accuracy under fluctuations of the supply 
voltage to the harmonic generator also 
were investigated, and it was found that 
a ten per cent range of voltage fluctua- 
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f 


tion made a difference of 0.1 per cent in — 
the ratio error and one minute in the — 
phase-angle error. 


Wave Shape 


Figure 6 shows oscillograms of primary 
and secondary currents. In order to — 
make the higher-frequency component — 


‘more conspicuous in case it should find 


its way into the 60-cycle circuits, the — 
higher-frequency excitation was fur- 
nished at 540 cycles for these oscillograms. 

No trace of such a harmonic was visible 
in any of the oscillograms taken. 

In one test, in order to determine ac- 
curately any possible induced harmonic 
current in the secondary circuit unmixed 
with any fundamental-frequency cur- 
rent, the secondary current was measured 
under full triple-frequency excitation 
and uo primary current, and it was found 
to be about one-tenth of one per cent of 
the rated current of the winding. 
Needless to add, no matter how farge the 
harmonic current, it cannot affect the 
wattmeter indications unless a corre- 
sponding harmonic voltage, inphase with 
the harmonic current, also is impressed 
across the potential coils of the meters. 


Freedom From Residual Magnetism 


Those familar with this subject know 
that current-transformer accuracy tests 
do not always reproduce themselves on 


Figure 6a. Wave shape of the - primary 
current with 0.5-ampere secondary current; 
no high frequency 


Figure 6b. Wave shape of the secondary 
current, 0.5 ampere, with 540-cycle auxiliary 
excitation 


account of varying values of residual 
magnetism, unless the core is demagne- 
tized carefully before each test.2 The 
present type, with a constant demag- 
netizing excitation, is free from this un- 
certainty. 

* 
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| Magnetization Curves 


ye 


= Saal 


Figure 4 gives typical Ft SEES 

data taken on a wound-core unit made 
as of silicon-steel strip and subjected to 
—60-cycle and 180-cycle excitations si- 
- multaneously. Figure 4a gives the watt- 
loss data and Figure 4b, the exciting- 
current data. To bring out the benefit of 


-tatively, ordinates give the losses (watt. 


or exciting current) as a percentage of 
the corresponding values in the absence 
oe of auxiliary excitation. It is seen that in 
= the range of the flux densities to be en- 
countered in bushing-transformer prac- 
= tice (1-101 kilolines per square inch), im- 
pressive reductions in watt losses and 
exciting current are accomplished when a 
- 180-cycle excitation is superimposed at 
a density of 25-30 kilolines per square 


ae? 


Px 


Car”. 


half, and the exciting current to a third. 
Other test data, not reproduced here, 
show that, up to about 60-kiloline 60- 
cycle density, the benefit of this auxiliary 
excitation is practically unaffected by 
the phase displacement between the 
two excitations. 

__ Impressive as these curves may be, they 

_ exhibit only one factor in the improved 
accuracy of the current transformer 
through such auxiliary excitation. The 
more important factor, as intimated 
above, is the possibility of the conversion 
of the nonlinear magnetization curve into 
a linear one by appropriate auxiliary ex- 
citation, so that the errors first may be 
rendered constant and then be compen- 
sated for by other means. Any reduction 
is, of course, a gain, insofar as it reduces 
the necessary compensation to that 
extent, but the possible error reduction 
by the linearization-and-compensation 
method is many times that by the excit- 
ing-current reduction method. 

Figure 5 exhibits the straightening of 
the magnetization curve very clearly. 
Curve A applies to the normal 60-cycle 
volt-ampere characteristic of the core 
without auxiliary excitation, curve B to 
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citing current is 


3 dual excitation more clearly and quanti-— 
< 


inch: the watt losses are cut down to a 


square pahe 
So far as the 


only about 50 per cent. 


Us 


voltage=240 volts; 
voltage, 120 volts 


Primary secondary 


It is not so good as what might have been 


obtained with seventh harmonic or with - 


higher triple-frequency excitation; and, 
by itself, it would divide the total cur- 
rent-transformer error by only two, 
whereas in Table II—Y, it is seen that the 
ratio errors are divided by more than ten 
and the phase-angle errors by more than 
60. 

With the errors rendered constant, the 


phase-angle error is compensated for by - 


impedance Z and the ratio error by the 
tapped autotransformer between the 
secondary and the burden (Figure 3). 

Although in this arrangement all the 
power, active and reactive, including 
those consumed by the core, are derived 
from the primary circuit, the current- 
transformer characteristics are as if the 
excitation volt-amperes were a Bare of 
the external burden. 

The linearity of the magnetization 
curve, and therefore the possibility of 
taking care of large ratio errors by an 


Boyajian, Camilli—Orthomagnetic Current Transformer 


Figure 7. View of a frequency-tripling 
transformer; rated output 400 volt-amperes 


E cation of =: 


(a). Auxiliary higher-frequency exci 
to render their cores or thomaimerer 
constant errors. 5 


(b). Simple compensating means to corr ct 
the constant errors. > 
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s Synopsis: The increasing interest in com- 
pressed air as an interrupting and operating 
medium for circuit breakers in central-sta- 
‘ion and industrial service, together with its 
; gratifying record in service periods extend- 
in ing up to five years, warrants investigation 
of its application to a-c railway service. 
_ Previous developments leading up to present 
standards of requirement for this service 
are reviewed, and a description is given of a 


peed interruption of short circuits on con- 
act line feeders in single-phase 25-cycle 
railway service at 12,000 volts to ground. 
Application of the principle to other tcl 
as ervice is discussed. 


WENTY years have passed since the 
first circuit breakers designed to afford 
speed protection for contact lines in 
11,000-volt single-phase 25-cycle railway 
service were installed on the Danbury 
branch of the New Haven Railroad.! Us- 
_ ing oil as an interrupting medium, these 
a breakers were designed to detect and 
| intérrdpt; in conjunction with high- 
- speed relaying, short circuits on contact 
~ lines in 0.04 second, one cycle on a 25- 
cycle wave, representing a long step in 
advance of then existing oil-breaker prac- 
tice. These three breakersare still in serv- 
ice today in their original application, al- 
_ though increased power to meet the de- 
_ mands of heavier traffic may necessitate 
_ their replacement by breakers with rup- 
turing ability beyond their moderate rat- 
ing in the foreseeable future. 
Tests made with these breakers in their 
_ service position demonstrated their abil- 
ity to meet specified time requirements 
and indicated that this performance 
might be expected to reduce damage to 
overhead installations and motive equip- 
ment to a minimum, as well as insure 
" satisfactory continuity of service on paral- 
lel signal and communication circuits. 
_ Accordingly, this specification as to time 
performance, 0.04 second or less, has re- 
mained standard up to the present day. It 
should be stated, however, that high- 
speed equipment in railway service shows 
-a considerable proportion of interrup- 


_ 


tions after a single loop of short-circuit 
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compressed-air breaker designed for high-_ 


Domai tak ea 
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current when the zero point in the a-c 
wave is favorably located. 

In the years immediately following this 
installation another important electrifica- 
tion project required the provision of 
high-speed breakers with interrupting 
ability up to 50,000 amperes at 12,000 
volts to ground, and in 1928 two new de- 
signs; one an air-insulated breaker,? the 
other an oil-insulated breaker,* were in- 
stalled in considerable numbers on the 
four-track main-line electrified zone of the 
Pennsylvania Railroad from Philadelphia 
to Wilmington,‘ later extended to Wash- 
ington. Both designs followed earlier 
practice in their own fields, the air breaker 
being an extension to moderate alternat- 
ing voltages of the magnetic-blowout prin- 
ciple then in operation for a number of 
years in d-c railway service, and the oil 
breaker following fundamentals of the 
original New Haven breaker but with con- 
siderably improved mechanical details. 
Both breakers were developed with the 
aid of high-power testing equipment then 
becoming available with sufficient power 
to demonstrate their performance. 

Preparatory to this large main-line proj- 
ect, an exhaustive investigation of re- 
quirements for relay protection had been 
made,’ and the results were here put into 
practical effect. One noticeable result of 
this investigation may be noted in the 
conclusion reached that the use of a d-c 
shunt tripping magnet for opening the 
high-speed breaker tends toward greater 
flexibility in protective relaying, and this 
form of tripping is now regarded with fa- 
vor for the service. 


By 1930 this electrified zone had been 
considerably extended,® and another air- 
insulated high-speed breaker had ap- 
peared, operating on the then newly de- 
veloped deion theory of arcrupture. This 
breaker was demonstrated by test to be 
the equal in service ability of previous de- 
signs and was installed in considerable 
numbers on further extensions of the sys- 
tem. Essentially of the indoor class of 
construction, it represented a forward step 
in application, considering the amount of 
organic material incorporated at critical 
points of insulation-in its interrupting 
chamber with possibilities of deterioration 
in outdoor service. As protection against 
such possibility, the breaker structure was 
enclosed in a weatherproof steel housing 
with double walls, interposing an annular 
air space around the breaker to minimize 
the effects of condensation. Space heat- 
ers were provided further to reduce this ef- 
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the feasibility of applying organic insula- — 
tion in outdoor service when adequate _ 


fect. Breakers of this class have now been 


in continuous service adjacent to the Jer- 


sey Meadows for 12 years without more 
than the normal deterioration to be ex- 


pected for that period in any service. This 


experience has demonstrated effectively 


protection is afforded. 


By 1935 concentrations of power at F 


rail-junction points on this system had 
increased to such extent that the pre- 
viously accepted interrupting rating of 
50,000 amperes for high-speed breakers 
was clearly inadequate for certain feeder 
positions. ° 
alternative to a rather extensive rear- 
rangement of feeders, a costly operation at 
the best, breakers of greater interrupting 
capacity must be developed for this serv- 
ice, and the new interrupting specifica- 
tion was set at 65,000 amperes as meeting 
all requirements in the foreseeable future. 
This demand brought out a fourth design, 
another oil-insulated breaker of the im- 


It became evident that, as an — 


pulse type,” now in service at various — 


points on the system. 

As a result of the service experience 
obtained with the varying types of equip- 
ment on this electrified system in the 
years since full-scale operation was put 
into effect, together with the information 
obtained from several years of trial opera- 
tion preceding it,® the requirements for 


An early form of high-speed 
breaker 


Figure 1. 


This oil breaker was the first high-speed 
interrupter to be placed in service at 12,000 
volts 
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Figure 2. A more modern high-speed oil 
breaker 


Incorporating fundamental principles of its 

predecessor, but with improved mechanical 

details, this breaker was installed in con- 
siderable numbers 


protection of contact lines in 12,000-volt 
railway service, the type of protective re- 
laying,® and the arrangement of substa- 
tion equipment had become clearly identi- 
fied, and standards of performance had 
been fixed. Development of new lines of 
apparatus for this service must then con- 
sist largely of adaptation of more modern 
devices to its use. 

Outstanding among interrupting medi- 
ums today is compressed air, applied in 
the form of a transverse blast for maxi- 
mum current interruption at voltages in 
the powerhouse class. Five years of ex- 
perience in service operation with conven- 
tional-speed breakers in powerhouse duty, 
together with a laboratory-testing record 
which has made the compressed-air 
breaker the most completely tested de- 
vice in the upper range of current inter- 
ruption ever offered to the trade, render it 
most desirable for application to heavy- 
duty a-c railway service. 

Even more desirable, such application 
does not involve extreme exploration into 
untried avenues of development. The 
breaker parts proper, including the con- 
tact elements, arc chute, muffler, blast 
tube, and blast valve, may be taken 
bodily from conventional-speed breakers 
service-proved for the equivalent inter- 
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rupting duty in other applications. Since 


a latched-in type of mechanism is best 
adapted to a rapid start of acceleration 
of the moving contact on opening, the 
design of high-speed latch and d-c trip- 
ping magnet proved by 15 years of serv- 
ice in previous designs of high-speed 
breakers for railway service may be util- 
ized in its present form. The high-speed 
linkage with its accelerating device and 
contact connecting rod may be substan- 
tially the same asin earlier breakers, modi- 
fied only to adapt it to a new position 
in the breaker structure. Compressed 
air being available as an interrupting 
medium, it is logical to utilize it for 
the conventional-speed closing function; 
hence a conventional air-closing cylinder. 
There remains, then, only to co-ordinate 
these features into a single operating unit. 

Figure 4 shows a breaker of such design 
meeting the present specification of 65,000 
amperes interrupting capacity at 12,000 
volts to ground, single phase, 25 cycles, 
with an interrupting time of 0.04 second 
or less in conjunction with high-speed re- 
laying, and with a potential withstanding 
test of 65,000 volts for one minute. 
Mounted in a weatherproof steel housing 
with double walls, incorporating the an- 
nular air space of earlier designs, the com- 
plete structure is divided into three com- 
partments. The lowermost compartment 
carries the air reservoirs, operating mecha- 
nism, and all low-voltage control equip- 
ment. Immediately above it, isolated by 
a horizontal grounded barrier, is the main 
breaker compartment enclosing the high- 
potential breaker parts. At the top of 
the structure is an expansion or diffusion 
chamber, enclosed by the cupola form of 


Figure 3. The deion 
high-speed breaker 


Incorporating the 
deion principle of 
arc rupture, _ this 
breaker is rendering 
valuable interrupting 
service up to 50,000 
amperes 
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roof construction and isolated from the 
main breaker compartment by a hori- 
zontal insulating barrier. 
discharges the air blast with its heated are 
products through a muffler into this diffu- 


sion chamber from which it is vented to _ 


atmosphere through louvered openings. 
Conductors are brought through the roof 
of the housing to the breaker terminals by 
conventional condenser bushings of 34.5- 
kv rating. 
Doors are provided at the front and 
rear of the housing allowing full access to 


all parts of the breaker. The doors of the — 


two main compartments are separated, 
permitting access to mechanism and con- 
trols without exposure to high-potential 
parts. Footings have been designed to 
permit installation on the same founda- 
tion as earlier designs of high-speed 
breaker, facilitating replacement of those 
breakers in positions where breakers of 
lower rupturing ability have become in- 
adequate, because of increased power 
requirements. The condenser bushings, 
while incorporating refinements of mod- 
ern design, are interchangeable with 
those of earlier breakers. 

The contact details and their arrange- 
ment with respect to the air blast and are 
chute conform to the conventional prac- 
tice previously presented before the Insti- 
tute. The conventional blade and finger 
type of contact is used on this design in 
contrast to the butt-type contacts of 
earlier high-speed breakers to provide the 
overlapping contact travel necessary to 
insure full amplitude of blast air at the 
time of contact parting. The blast valve 
is of the conventional metal-to-metal-seat 
poppet type, mechanically operated by a 


ELECTRICAL ENGINEERING 


The are chute © 


“Embodiment of a modern 


Figure 4. Compressed-air high-speed breaker 


compressed-air 


_ interrupting device renders this breaker ca- 


__pable of handling the heaviest railway service 


cam surface on the trip- -free lever when 


“opening, but arranged to be inoperative 

on the breaker closing stroke since the air 

blast is not essential in circuit closing. 
Application of accelerating force to the 


‘moving contact on opening differs slightly 


in this breaker from the practice in pre- 


_ vious high-speed breakers with-their short 
follow-up of butt-type contacts. 


There 
it was necessary to concentrate the ac- 
celerating force at the start of motion in 
order to obtain the highest speed possible 
at contact parting, and to continue this 
acceleration in order to insure a contact 
gap sufficient to withstand voltage when 


the arc has been swept onto arcing horns 


in the extinguishing process. 

In the compressed-air breaker a some- 
what more moderate accelerating force 
_.with the longer contact follow will pro- 
” duce the same contact speed at parting 
‘and, while the arc is maintained on the 
contacts, interruption may be allowed to 
occur at a shorter contact gap since the 
presence of blast air increases the dielec- 
tric strength of the gap. This increase 
in dielectric strength of the contact gap 
reduces the possibility of arc re-establish- 
ment on voltage restoration. As a fur- 
ther advantage the decelerating force 
may be applied earlier in the opening 


stroke, bringing the contact to rest more 


easily and reducing stresses on the mecha- 
nism. 

Table I shows the results of a single se- 
ries of interrupting tests made in the 
high-power laboratory with a compressed- 


air high-speed breaker. Power was ob- 
" = 
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tained from two 60,000-kva generators 
operating in parallel at 11,000 volts, 25 
cycles. Current values were limited by 
the station reactors. 


_ made phase to phase, ungrounded, this 


¥ 


circuit having recovery rates varying with 


the currents interrupted from 500 to 810 


volts per microsecond, giving an inter- 
rupting condition somewhat more severe 


than the bonded-rail return circuit in rail- 


way service. The shunt tripping magnet 
of the breaker was energized by a high- 
speed relay actuated in turn by the bush- 
ing-type current transformers supplied as 
a part of the breaker. 

Figure 6A shows the interrupting 
performance of the breaker at moderate 
short-circuit-current values, 14,800 am- 
peres, on a rather highly asymmetrical 
wave. On this test the contacts parted 
just at or slightly before the end of the 
first loop but had not reached a gap suf- 
ficient for interruption, and current con- 
tinued to flow through the second loop, 
completing interruption in one full cycle. 
Because of the offset wave, this cycle, 
measured on the zero line, actually re- 
quired 0.041 second to complete. Voltage 
disturbance at the final zero was quite 
limited. The tripping coil was energized 
in approximately 0.006 second after the 
start of flow of short-circuit current and 
remained energized for about one cycle, 
being interrupted by a mechanically 
operated cutout contactor during the 
opening stroke of the breaker. Blast air 
continued for 1.5 cycles after interrup- 
tion, thus insuring complete deionization 
of the arc path. 

In order to insure that the breaker has 
reserve rupturing ability beyond its cur- 
rent rating of 65,000 amperes, interrupt- 
ing tests were made with short-circuit cur- 


Figure 5. Air-com- 
pressing equipment 


Motor-driven com- 
pressors, automatic- 
control, cooling 
coils, and storage 
reservoirs are as- 
sembled in a com- 
pact unit 
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The tests were 


rents up to 20 per cent above this rating. 
Figure 6B shows its performance when in- - 
terrupting 79,500 amperes. The mag- 
netic effect of the current loop through the | 
breaker increased the speed of contact 
travel on this test, and parting occurred _ 


sufficiently early to permit interruption at a 


the first current zero, resulting in a single _ 
loop of short-circuit current of 0.031-sec- | 


-ond duration. No voltage disturbance ac- 
_ companied the interruption. The oscillo-_ 


$3 


graphic record of blast air shows some ef- _ 


fect of the pressure of arc gases in a single - 
peak during the period immediately pre- 

ceding interruption, but the rapid drop 

from this peak at the current zero shows 

how completely these gases were scav- 

enged before current could flow in the re- 

verse direction. 

The cathode-ray record, Figure 7, 
shows the voltage condition accompany- — 
ing the interruption of 41,000 amperes on 
one of these tests. The circuit-recovery 
rate was 810 volts per microsecond with a 
frequency of 12,500 cycles. This is not a 
particularly high recovery rate from the 
viewpoint of switching experience on 60- 
cycle utility and industrial-distribution 
circuits, but it is believed to be appre- 
ciably higher than any to be encountered 
in 25-cycle contact-line-feeder circuits. It 
will be noted that the first peak of re- 
covery voltage is only slightly above nor- 
mal restored voltage, whereas the high- 
frequency oscillations are damped out into 
natural frequency after approximately 
0.003 second. On no test did the first 
peak of recovery voltage reach a value of 
twice normal voltage. 

Air-compressing equipment for a supply 
of air to these breakers is installed in a 
separate housing designed for mounting 
on any foundation for the breakers. 
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A. Interrupting 14,800 amperes 


B. Interrupting 79,500 amperes 


Figure 6. Oscillographic records of high- 
speed compressed-air-breaker tests 


The air-supply unit shown in Figure 5 is 
designed for installations of one or two 
breakers where there is little prospect of 
future additions. This unit is equipped 
with two belt-driven two-stage air-cooled 
compressors, each with a delivery of ap- 
proximately 4.4 cubic feet per minute of 
free air, permitting use of one compressor 
for service while the other is out for inspec- 
tion or maintenance. Normally both 
compressors are running. For a larger 
bank of breakers requiring two or more 
supply units, a single compressor per 
unit with a higher delivery rating is 
recommended. 

Normal operating pressure for air-stor- 
age reservoirs in the supply unit is 250 
pounds per square inch, a reducing feed 
valve automatically maintaining a work- 
ing pressure of 150 pounds per square inch 
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in the air-delivery system to the circuit- 
breaker reservoirs. Compressors and 
motors with their control are located in an 
enclosed portion of the housing with 
double walls, supplied with space heaters 
to insure that they will be operative 
under the most severe temperature con- 
ditions. The storage reservoirs are lo- 
cated in an open portion of the housing, 
protected only by expanded metal panels. 
Air intakes for the compressors are car- 
ried to the outside of the enclosure. 

Operation of the air-supply unit is 
controlled automatically by a pressure 
governor set to cut off the compressor 
motor when storage pressure reaches 250 
pounds per square inch, and to cut it in 
again when pressure has been reduced to 
some predetermined lower value. An 
additional pressure switch is set to oper- 
ate an alarm if pressure becomes reduced 
toa point requiring attention of an attend- 
ant. 

Special care has been taken in the de- 
sign of the air-supply unit to reduce the 
moisture content of the air before it is 
delivered to the circuit breakers. In addi- 
tion to an intercooler between stages of 
compression, air from the discharge valve 
of the high-compression cylinder of the 
compressor passes through an aftercooler 
of finned copper tubing to the first stor- 
age reservoir, whence it passes through a 
second aftercooler to the second storage 
reservoir, carrying the outlet to the air- 
delivery system. Both reservoirs operate 
at a normal pressure of 250 pounds per 
square inch. 

These coolers are designed to reduce the 
air from its high temperature on leaving 
the compressor to ambient temperature 
at the outlet to the delivery lines, condens- 
ing the vapor content of the air in the proc- 
ess and depositing it in the storage reser- 
voirs where provision is made for its 
drainage. Since the storage reservoirs 
themselves are exposed to ambient tem- 
perature, little or no further condensation 
takes place after the air leaves the supply 


unit, and adequately dry air for circuit’ 


breaker operation is assured. 

For other railway service, not re- 
quiring high-speed interruption, such as 
generator or transformer breakers in 
powerhouse or substation duty, conven- 
tional-speed indoor breakers are available 
for operating voltages from 11,000 to 
33,000 in three-pole (three-phase) or two- 
pole (single-phase) form for interrupting 
duty from 500,000 kva upward. These 
breakers, normally designed for eight- 
cycle interruption on a 60-cycle basis, 
may be expected to complete interrup- 
tion in three cycles after a tripping im- 


Figure 7. Typical 
cathode-ray oscillo- 
gram of test with 
compressed-air high- 
speed breaker 
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Table |. A Series of Interrupting Tests With a 
High-Speed Compressed-Air Circuit Breaker 


11,000 Volts, 25 Cycles, Single Phase 


Duration 


Initial Current of Short Restored 
Test Voltage, Interrupted, Circuit, Voltage, 
No. Kv Amperes Seconds Kv 
Wie Gate EUSOn en. 14,900..... a OF er 2 
Darts TARO eae 14,700..... 0.0437 ees 12 
Dichertie LO oe 14,650..... 0).04423.-.2h 11.2 
ps ne Us Uh om Ate 18,900..... OAO4L .10 crete 11.1 
Coenen NO) ve atctre 19,300..... 0040) 2 en 11.2 
We Bee 5 TU OF ne tate 18,800.....0.041...... 11.3 
este Lie Oe 30,600. 24..0702340eee 11.1 
Bs aleaet i i is Cae 30,600..... 0.03355 en Tiss 
Qi isitode MD Ose scr 30,400 2.2... OV O33\.s anes LEY 
i CS are: LT Our ar 44,000..... OL0S3ie ee LT 
Uatereterens pA ik Ps ee 43,400..... O.0384.... se 10.8 
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pulse when applied in 25-cycle service. 
Following conventional powerhouse prac- 
tice, compressed air is used in these break- 


ers for both closing and opening breaker 


operations, air being admitted on either 
side of the main operating piston as de- 
sired. 


Conclusions 


The use of compressed-air circuit break- 
ers in powerhouse and substation duty has 
advanced sufficiently far in the United 
States to assure its reliability for service. 
The extension of this interrupting medium 
to high-speed equipment for protection of 
contact line feeders in 12,000-volt 25- 
cycle single-phase railway service has now 
been accomplished, and its ability to meet 
reliably the specified time requirements 
for this service has been demonstrated by 
full-scale tests. 
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“ss fault currents, flow in rectifier circuits 
under conditions of arc-back or d-c short 
‘ircuit. In normal service, faults are im- 
posed on rectifiers ‘by both the arc-backs 
hat occur in the rectifier itself and the 
short circuits that occur in the external 
d-c system. Rectifier units must, there- 
fore, include suitable protective switch- 
_ gear to limit the magnitude and duration 
of the fault currents in order to 


ee Prevent damage to the rectifier, trans- 
~ former, and other parts. 


Z d-c systems. 

The determination of the fault currents in 
_ power rectifiers is essential to the design 
=of rectifier and transformer equipment 
capable of withstanding the short-circuit 


_ forces, the selection of suitable protective. 


_ switchgear, and the setting of relay and 
_ breaker trip mechanisms. 
A wide variety of circuit combinations 
may be obtained under fault conditions, 
and many are of such complexity that 
accurate calculation of the instantaneous 
fault currents is difficult, if not impracti- 
cable. However, a complete determination 
_ of the instantaneous fault currents under 
- all the possible conditions is not essential. 
Sufficient information for the design and 
application of rectifier equipment may 
_ usually be obtained from maximum 
values of the instantaneous and sus- 
tained currents. 
___ This paper presents fault-current analy- 
ses for the widely used delta double-wye 
- connection. The methods are also appli- 
cable to other connections. Three basic 
_ types of rectifier faults are considered in 
the analyses. Most rectifier faults can be 
resolved into one of these types, which 
are: 


1. D-c short circuit. 
2. Arc-back in a wye. 
8. Arc-back with d-c feed. 


Power rectifiers of the single-way type 
usually employ a rectifier transformer 
having interlaced secondary windings. 
_Windings on the same leg of the trans- 
former core are interlaced to obtain mini- 
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QPURRENTS in excess of normal, or 


Limit the disturbance on the a-c and’ 


H. LC KELLOGG. 


ASSOCIATE AIEE 2 


mum losses and optimum reactance rela- 
tionships. Various types of construction 
may be used; for example, two windings 
may be interlaced by winding the two 
coil conductors side by side in a single 
structure, by alternating pancake coils in 
a stack, or by alternating concentric coils. 
Many modifications are possible which 
meet the essential requirement that the 
current sheaths produced by the inter- 
laced coils occupy essentially the same 
space distribution with respect to the pri- 
mary so that they have common leakage- 
flux paths. 

The usual rectifier circuit has negligible 
reactance in the transformer secondary 
circuit as the transformer secondary 
windings are interlaced, the anode leads 
are generally short, and anode reactors of 
appreciable reactance are seldom used. 
Under these conditions, all the circuit re- 
actance may be considered to be located 


in the transformer primary and supply 


line. 

The short-circuit analysis which follows 
treats the general case with primary re- 
actance. The special case where all the 
reactance is located in the secondary 
leads has been treated in previous analy- 
ses.} 


D-C Short Circuit 


SusTAINED D-C SHorT-CircUIT CURRENT 


A typical double-wye rectifier circuit is 
shown in Figure la and the usual trans- 
former construction is indicated in Figure 
lb. When such a rectifier is short-cir- 
cuited at its d-c terminals the fault cur- 
rents have the characteristic forms shown 
in Figure 2. 

The transformer secondary currents 
(per phase) on sustained d-c short circuit 
are the same as on a-c short-circuit im- 
pedance test when all the reactance is 
located in the transformer primary and 
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supply line. Under these conditions each. 
rectifying element carries a current wave 


of sinusoidal form and 180 degrees dura- 
tion, one of the two secondary coils on 


each phase carrying the positive half cycle — 


of current, while the other carries the 
negative half cycle. The a-c short-circuit 
current may be calculated as for a stand- 


ard power transformer, and the sustained . 


d-c short-circuit current is obtained by 
changing rms to average values. 


The rms short-circuit current, J;’, per — 


pair of interlaced secondary coils on each 
phase is 


E,=transformer secondary line-to-neutral 
voltage in rms volts 

X=reactance per phase in ohms line to 
neutral 


The average d-c short-circuit current in 
amperes, IJ;,, obtained by averaging the 
current for the three phases is 

a ae 

The ohmic reactance, X, may be ex- 
pressed in terms of the per unit trans- 
former reactance, X, referred to the volt- 
ampere base, VA. 


3E,? 


X= 
VA ~ 


(3) 


When the necessary substitutions in equa- 
tion 2 are made, 


2/2 VA 1 


a ae ey. (4) 
In calculating the sustained short-cir- 
cuit current the reactance of the a-c sup- 
ply X, may be added directly to that of 
the transformer Xp to obtain the total 
reactance, that is, X= X7+X,. 

The resistance of the transformer wind- 
ings is generally small in comparison with 
their reactance and does not alter the cir- 
cuit action appreciably. The effect of re- 
sistance of the transformer windings 
therefore may be included readily in the 
short-circuit calculations by substituting 


' the impedance for the reactance in equa- 


tion 4, If Ris the per unit resistance per 
phase, the per unit impedance is 


VR?+X? 


An approximate correction for the ef- 
fect of arc drop may be made by assuming 
that the arc drop during short circuit is a 
sinusoidal voltage of constant rms value, 
E», which is in phase with the current and 
subtracts from the applied voltage. The 
voltage relations are then as shown in the 
vector diagram in Figure 3 and the net 
voltage acting in the circuit is Hs’. The 
short-circuit current is reduced in the 
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(1) 


ratio E,’/E, because of the arc drop. The 
solution for this ratio is 


Fr eqi- pyar See ae 
Es 1p, VR?+X? 


R 


Bijn sre Tae (5) = 


B,VR+X* 


» - The: final expression for the sustained 
_d-c short-circuit current including the ef- 


_ fect of resistance and arc drop is then 


21/2 E,' 


Tse= Wee E; 


(6) 


_ If the volt-ampere base, VA, is equal to 
the rated input volt-amperes of the 


double-wye rectifier transformer with theo- 


retical current wave shape, that is, 


3 
VA =; Biples=-se Ed an (7) 


v3 
V2 | 


~ where 


Eao= theoretical direct voltage 
Tan = direct current at rated output 


The expression for sustained short-cir- 
cuit direct current may be written: 


ae E; 


wee Es 
Equation 8 holds only for the double- 


wye circuit, but equation 6, which is ex- 
pressed in terms of volt-amperes, applies 


Iso= (8) 


A-C SUPPLY 


H Hz 


SHORT 
CIRCUIT 


(a)—Circuit diagram 


SECONDARY WINDINGS ARE 
X, Np Hi INTERLAGED 


PUL 


N, XqH3 
(b)—Transformer construction 


Figure 1. Double-wye rectifier 


to any single-way circuit with a three- 
phase supply. For a double-way circuit, 
I;- will be equal to one-half the value 
given by equation 6. 


RATE OF RISE oF D-C SHortT-Circuir 
CURRENT 


The rate of rise of d-c short-circuit cur- 
rent immediately following the time of 
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Figure 2. D-c short-circuit oscillogram 


(a)—Timing wave 
(b) to (g)—Avnode currents 


(h)—Short-circuit current 


fault depends on: the number of phases 
feeding into the fault, the inductance L of 
each phase, the inductance Lo of the fault 
path, and the arc drop E, of the rectify- 
ing elements. The maximum rate of rise 
for a double-wye rectifier is obtained when 
three phases, 60 degrees apart, conduct. 
The crest value of the average voltage of 
the three phases in parallel is equal to 
(24/2/3)E;—E,. If this voltage is im- 
pressed on the rectifier inductance L/3 
and the fault path inductance, the maxi- 
mum rate of rise is obtained. 


(“) _ 2/2 /3)Es— Eq 
dt max . (L/3) +Lo 


In system studies involving short-cir- 
cuit conditions it is often helpful to repre- 
sent a rectifier unit by a simple machine 
having equivalent voltage, inductance, 
and resistance such that its action approxi- 
mates the average behavior of the recti- 
fier. While the rectifier circuit action 
does not remain the same throughout the 
range of operation from normal load to 
short circuit, representative values for the 
equivalent voltage, inductance, and re- 
sistance may be selected on the following 
basis: 

The output voltage of a double-wye rec- 
tifier at no load is 


_3v3 5 
ATS 
and is obtained with an anode conduction 
period of 120 degrees. The conduction 
period increases with load, very rapidly at 
first and more slowly as short-circuit con- 
ditions are approached. Under sustained 


(9) 


Eao 


E,=1.17E, (10) 
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period is. 180. “degrees: 
“Avoltageiss> 1% - 


Ego’ = 


2v2 2, = 0.908, ae 


mietive fonee a the rectifier nee con- 
ditions approaching short circuit 7 
anode conduction period is nearly 180 de- 
grees and the equivalent voltage of the — 
rectifier unit may therefore be assumed to 
be 0.90 E,. ~ 1 
Since two anodes are enorme conduc- 
tive in a double-wye rectifier at light load, 
the equivalent inductance of the recti- 
fier unit is L/2. Under sustained d-c | 
short circuit three anodes are normally — 
conductive. However, at any instant one 7 
secondary wye has one anode conductive — 
while the other secondary wye has two — 
anodes conductive. Theinterphase trans- 
former tends to maintain parallel opera- 
tion between these two dissimilar circuits _ 
as at light load. It has been found that 
good agreement between calculated and 
7 
. 


tested values of rate of rise of current on 
d-c short circuit is obtained if the equiv- 
alent inductance of the rectifier unit 
under transient conditions is assumed to _ 


Figure 3. Arrc-drop correction for sustained — 
d-c short circuit 


(a)—Circuit diagram 
(b)—Vector diagram 


be L/2. Similarly, the equivalent resist- 
ance may be assumed to be R/2. 

Using the foregoing empirical relations, 
the rate of rise of short-circuit current of 
the equivalent unit is 


di_0.90E,— 
di (L/2)¥Ly (12) 


This formula is used to determine the 
calculated values of the rate of rise of 
short-circuit direct current referred to in 
the section on comparison of calculated 
and test results. 


Arc-Back in a Wye 


The fault conditions covered by this 
case are obtained when an arc-back occurs 
on a single-wye rectifier operating with d-c 
circuit open or connected to a pure re- 
sistance load and is sustained after steady- — 
state conditions are reached. The fault 
circuit is shown in Figure 4a. 

The are-back current under steady- 
state conditions in a delta double-wye 
rectifier without d-c feed arises princi- 
pally from the other two anodes in the 
same wye as the faulty anode. The cur- 


ELECTRICAL ENGINEERING 


rent corrtribution of the anodes on the 
other wye is limited to a low value by the 
__impedance of the interphase transformer 
and the interlacing of the two secondary 
coils of each phase of the rectifier trans- 
former.? Another factor in limiting this 
contribution is the long conduction period 
of the anodes of the faulted wye. The 
analysis of arc-back current when there is 
no d-c feed, therefore, reduces to an analy- 
sis of the current in a single wye with one 
anode arcing back and two normal anodes. 
The equivalent circuitisshownin Figure 4b. 

In the equivalent circuit the open- 
circuit voltages of the three phases of the 
wye are assumed to be sinusoidal voltages 
120 degrees apart having maximum values 
equal to 1/2 E;. Each phase of the trans- 
__former is assumed to have an inductance 
L and a resistance R and each rectifying 
element to have a constant arc drop Ea, 
which may be represented by a counter 
electromotive force. 

Each cycle may be divided into four 
intervals having different combinations 
of conducting phases. The vector rela- 
tions and circuit arrangement for each 
of these intervals are shown in Figure 5a, 
where the cycle is assumed to start at a 
time such that the open-circuit second- 
ary voltages are 


2 
e=~V/2E; sin (1+) 
(@=~/2E; sin wt 
2 
e=~/2E; sin (7) 


(13) 
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Figure 4 (left). Arc- 
back in a wye 


(a)—Circuit diagram 
(b)—Equivalent circuit 


Figure 5 (right). Arrc- 
back in a wye 


(a)—Circuit diagrams 
(b)—Voltages 
(c)—Currents ie 


The secondary voltages on open circuit 
and the secondary currents under arc- 
back are shown in Figures 5b and 5c, re- 
spectively, where 7; is the instantaneous 
current in the faulted phase and 72 and 73 
are the currents in the two normal phases. 

The instantaneous current during each 
interval may be calculated by the applica- 
tion of Kirchhoff’s laws to the network 
and the solution of the resulting differen- 
tial equations. 

If the cycle is assumed to start when the 
voltage é is equal to zero, the following 
relations may be written for the first inter- 
val: ; 


diz di ar at 
@—a—L (Ste Reta —2E,=0 
(14) 


and 

ib ate Oe R(ig+t) —2£,=0 
€2— 41 rue tea 1 a= 

(15) 

as 
@1 +626; =0 
and 
1 =t2+73 


By substitution 


(16) 
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120 240 
ELECTRICAL DEGREES 


whose solution is 


wie ALLER Pores 
1 N/R sin wis 


-# (E+ 4H 
€ sin = SS 
Ue Mie 


_ Bt _Rt 
| 1-« «| +Kie L (17) 
where 


eas Lw 
=tan =, 
a R 


Similar expressions may be derived for 
the current during each interval. The cur- 
rent equations for all four intervals are 
summarized in the appendix. 

In order to determine the crest value of 
the current in both the faulty and the 
normal phases under steady-state condi- 
tions it is necessary to construct the cur- 
rent waves. The construction of the cur- 
rent waves may be made by choosing 
values of the ratios X/R and E,/+/2E,, 
assuming a value for the initial current, 


_K,, and making successive trial solutions 


of the equations until the condition K,= 
K; is satisfied. Figure 6 shows the fault- 
current waves calculated from the above 
equations when E,/+/2E;=0.05. 

The crest values of the fault currents 
under steady-state conditions are plotted 
as a function of X/R on Figure 7 for 
E,/V2E;=0, 0.05, and 0.10. The crest 
current obtained with the three terminals 
of the wye short-circuited directly is 
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CURRENT IN PER UNIT 


4 
INN 


120 


taken as the per unit base, [=+/2 
_ E,/VR?+X?2. The crest currents during 


are-back in a wye range from this value 


-when the impedance is wholly resistance 


(inductance and arc drop are zero), to 


_ three times this value when the impedance 
is wholly inductance (resistance and arc 


vs 


‘drop are zero). 

The value of current obtained in the 
normal anode under condition of arc-back 
in a wye is important in the application of 
protective switchgear. If this current ex- 
ceeds the current limit of the rectifying 


~ element, that is, exceeds the crest value of 


current which the rectifying element can 
carry without arc-back during the suc- 
ceeding inverse period, simultaneous arc- 
backs will be obtained on several anodes. 
Under such conditions, the benefits ac- 
cruing from the use of selective individual 
anode breakers would be largely lost and 
excessive duty would be incurred on the 
rectifier equipment. 


Arc-Back With D-C Feed 


In many applications rectifiers are ar- 
ranged to operate in parallel with other 
converting equipment, such as d-c gener- 
ators, synchronous converters, or other 
rectifiers; or to supply power to counter- 
electromotive-force loads, such as motors 
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Figure 6. Caren waves for arc-back ina wye 


Per unit base = /DE4/V REEX? 
i; =faulty anode current 
ig=normal anode current 


or electrolytic cells. Arce-back in a recti- 
fier connected to such a system is equiva- 
lent to a short circuit on both the a-c 
and d-c circuits. The current in the faulty 
anode under arc-back conditions is the 
sum of the current delivered by the nor- 
ng} anodes of the rectifier and the cur- 
rent feedback from the d-c system. 

A typical rectifier installation with sev- 


eral double-wye-connected rectifiers oper-~ 


ating in parallel is shown in Figure 8. 
Under arc-back conditions with the usual 


circuit constants the two normal anodes 


on the same wye with the faulted anode, 
are the only ones in the rectifier delivering 
appreciable current into the faulted anode 
as the current from the anodes connected 
to the other wye is limited by the imped- 
ance of the interphase transformer and 
the effect of the interlacing of transformer 
windings.? The d-c feed-back current is 
supplied by the normal rectifiers con- 


- nected in parallel with the rectifier which 


is arcing back, together with the other 
converting equipment and counter-elec- 
tromotive force-load connected to the d-c 


Circuit Constants 


D-C Short Circuit 


CREST CURRENT IN PER UNIT 


\ 
\\ 


Arc-Back in a Wye 


Figure 7. Crest currents for arc-back ina wye q 


Per unit base = ~/9E,/W/ R?+X? a 
: 


Solid curves—Faulty anode 
- Dotted curves—Normal anode 


‘system. The d-c system contributing the 


feed-back current may be represented by 


a single machine having suitable con- 


stants, so that the equivalent circuit for 


the entire system is as shown in Figure 9, — 
if the reactance of the a-c supply is neg-. 


lected. Typical arc-back currents flowing 
in such a circuit are indicated in Figure 10. 

Where several rectifiers operate in paral- 
lel on a common bus the current in the 


faulty anode during arc-back is sub- ~ 


stantially equal to the feed-back current, 
as the inductance of the equivalent ma- 
chine supplying the feed-back current is 
low in comparison with the inductance of 


_the winding connected to the faulted 


anode and the current contribution from 
the normal anodes on the same wye may 


be neglected. If the current contribution ~ 


from the normal anodes on the same wye is 
neglected, the system may be represented 
by a series circuit with a direct voltage 
Eq’, an alternating voltage ./2 E, sin 
(wt+ 8), an arc drop Eg, a total inductance 
La, and a total resistance Rg as shown in 
Figure 11. The formulas which follow 


Comparison of Calculated Versus Test Values of Rectifier Fault Currents 


Arc-Back With D-C Feed 


Rectifier j Rate of Rise Faulty Anode Amp at Rate of Rise 
Rating ee Sustained Amp Amp Per psec Crest Amp One-Half Cycle Amp Per usec 
ormer =i ahi Slee Ie 
Kw Volts Kva x R Es Calc Test Calc Test Calc Test Calc Test Calc Test 
150... 240... 184..;.0.126...0.027 240 5,200.... 4,720 0.99. .1.23 
1,500...3,000. ..1,590....0.073...0.008 2,640 hg2O0 eins a OO oe 1..78..2.18*! o>. 606070. < 7sLO0FS 
3,000...3,000. ..8,210....0.082...0.005.. .2,366 14,700... .11,800 E44) .1.53 . 14,300... .10,600f 
1,675... 515...1,685....0.037...0.008. 568. 65,000....47,000 ....11.4 ..8.6 x 
1,675... 515...1,925....0.071...0.006... 500....47,000....438,900**.... 8.65..7.15**.. .41,600....41,300 ...:62,000... .46,000 10.0 
3,250.5. 650, . 27,8005 <5.0, 11545-0006: «5. OF 2 iran ceeds ras vice do cand nes ne te ae 83,200... hoes. Les Ace 
3,250.6 650... ..7,600,,.2:20:2079.; 0), O06. 5 ce OUD:.. 2.8. siete cesta aks cvas cheat seen acces. Plete ate autacenaie eRe 92,700....79,400#....14.2.. 14.2¢ 
* Figure 12. + Includes contribution of all normal anodes. 
** Figure 2. { Feed-back current in cathode. 


§ See Figure 13. 
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_ are based on such a simplified circuit. By 
_ Kirchhoff’s law: 


= d ; 
ae pt Rei=V2Es sin (wt+ 8) +Eq'—Eq 


(18) 


Ra 
V2Es 


Jagrina | tt) 


_Ra, 
_ € ta‘ sin e-| (19) 


- where 


ep ben 
y=tan Ra 
In these formulas, the angle 6 is the phase 
angle of the line-to-neutral voltage of the 
faulty phase at the time of arc-back. 
Maximum fault currents are obtained 


when the arc-back occurs immediately 


following conduction. As most double- 
wye rectifiers operating without phase 
control have an angle of overlap between 
20 and 25 degrees at rated load, f will 
have negative values of five to ten de- 
grees. However, in determining maxi- 
mum fault currents no appreciable error 
will be incurred by assuming p=0. 


Comparison of Calculated and 
Test Results 


In order to check the validity of the 
assumptions made in the derivation of the 
foregoing formulas and determine the ac- 
curacy with which fault currents may be 
calculated by these formulas, a number of 
comparisons between tests and calculated 
values have been made. The results of 
these checks are shownin Table I. Typi- 
cal oscillograms showing fault current 
obtained under a number of the conditions 
are shown in Figures 2, 12, 13, and 14. 

With reference to the results given in 
Table I, the fault currents obtained. in 
test are generally lower than the calcu- 
lated values. One reason for this is that 


the reactance and resistance of the inter- ~ 


phase transformer, anode leads, d-c bus 
bars, and the short-circuiting loop are 
neglected in most calculations as these 
quantities are difficult to determine and 


Marcu 1945, VOLUME 64 


Figure 8 (left). Typica) 
rectifier installation 


NORMAL RECTIFIERS 


Figure 9 (top right). 

Equivalent circuit for 

arc-back with d-c 
feed P 


are usually small. Another is the effect of 
saturation of the transformer core by the 
d-c components of fault current. When 
the transformer saturates, the voltage 
drop in the supply line is increased be- 
cause of the high exciting current required 
by the transformer. Furthermore, the 
actual supply-system reactance is fre- 
quently higher than the assumed values, 
as such values are generally based on full 
generating capacity. 

The effect of phase control has not been 
considered in these analyses as the most 
severe fault currents are obtained when 
operating with no phase-control. The ef- 
fect of phase control depends upon the 
kind of rectifier excitation employed and 
the part of the cycle during which it per- 
mits the start of anode conduction, as the 
voltage across the rectifying element is 
shifted in phase under fault conditions. 

The effects of arc-drop must be included 
in the calculation of fault currents if ac- 
curate results are desired, particularly 
for rectifiers at 600 and 250 volts. The 
value of the arc-drop under fault condi- 
tions depends upon the type of rectifying 
element employed and the magnitude of 


‘the fault current. 


An average arc drop of 100 volts has 
been assumed in the calculations for the 
600- and 3,000-volt rectifiers given in 
Table I, and an average are drop of 50 
volts for the 250-volt rectifier. 

Typical d-c short-circuit currents are 
shown in Figures 2 and 12. Both these 
oscillograms show an initial transient cur- 
rent exceeding the sustained value. The 
effect is particularly pronounced in Figure 
12. This high initial fault current is 
caused by a displacement of the trans- 
former currents similar to that obtained 
on three-phase a-c short-circuit tests. 

A typical oscillogram of the current in 
the faulty anode during arc-back in a wye 
is shown in Figure 13. This test was made 
on a six-anode rectifier and the fault cur- 
rent therefore includes the contribution of 
all five normal anodes. The current wave 
form should be compared with the calcu- 
lated waves shown in Figure 6. 

With five normal anodes feeding into 
the faulty anode, some current will flow 
through the interphase as the fault is 
maintained. The effect of this current is 
to lower the current contribution of the 
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Figure 10. Typical current waves for arc-back 
with d-c feed 


be 
=| 
Figure 11. Simplified circuit for arc-back 
with d-c feed 


Figure 12. 
(a)—A-c supply voltage 
(b)—A-c supply current 
(c)—Short-circuit current 


D-c short-circuit oscillogram 
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normal anodes in the faulty wye and 
smooth out the current wave in the faulty 
anode without changing the crest current. 

A comparison of the calculated and test 
values of current obtained during arc- 
back with d-c feed is shown in Figure 14. 
In order to avoid the severe overcurrents 
obtained with sustained feed under this 


condition, the anode breakers begin circuit _ 


interruption in less than one half cycle 
and a check on ultimate sustained values 
cannot be obtained. In the case shown in 
Figure 14 some reduction in fault cur- 
rent was obtained in one half cycle. 


Figure 13. Arc-back in a wye oscillogram 


(a)—A-c supply voltage 
(b)—A-c supply current 
(c)—Are-back current 


The short-circuit and arc-back tests 
covered by Table I wete all applied by 
means of a short-circuiting switch. The 
_ current values obtained during arc-back 
with d-c feed are therefore higher than 
would be obtained under actual arc-back 
conditions because of the absence of the 
arc drop of the faulty rectifying element. 


551-14 


60 120 
ELECTRICAL DEGREES 


Figure 14. Arrc-back with d-c feed 
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Solid curve—Measured current 
Dotted curve—Calculated current 
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Conclusions 


Three basic types. of freee? faults 


have been treated in the foregoing analy- : 


ses. While other arrangements are pos- 


sible and the analyses do not suffice for the — 


complete determination of fault currents 
under all conditions, the formulas which 
have been derived provide a means for 
calculating the maximum values of fault 
current under certain limiting conditions 
usually encountered in service. Inasmuch 
as the duty on the rectifier, transformer, 

and switchgear depends in large measure 
upon the maximum current, the deter- 
mination of the instantaneous current 
throughout the duration of the fault is 
usually not essential. The expressions for 
fault current which have been derived 
are based on a number of assumptions and 
are therefore only approximate. However, 
they afford a better understanding of the 
circuit action during faults and provide 
means for predicting fault-current mag- 
nitudes with greater accuracy than here- 
tofore has been possible. 


Appendix |. Symbols 


I;;-=sustained d-c short-circuit current in 
average amperes 
Ign=rated direct current of rectifier in 
average amperes 
E,=transformer-secondary line-to-neutral 
voltage in rms volts 
Eao=theoretical direct voltage in average 
volts, assuming no overlap, no phase 
control, and zero arc drop 
Eq’ =open-circuit voltage of the poere arent 
d-c machine 
E,=average are drop, in volts 
Ey =sinusoidal voltage equal to the funda- 
mental component of Eg, in rms volts 
X =line-to-neutral reactance at the trans- 
former-secondary terminals in ohms 
X =per unit reactance 
L=X/w 
w=2nf, where f=frequency of a-c supply 
Lq=inductance of simplified circuit for 
are-back with d-c feed in henrys 
R=line-to-neutral resistance at the trans- 
former secondary terminals in ohms 
R=per unit resistance 
Rq=resistance of simplified circuit for arc- 
back with d-c feed in ohms 
VA =per unit volt-ampere base 
kK =current constant in amperes 
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Let X=Lw, I= ./2E,/~/R?+L%?, 
y=tan7! 


and 


R° 
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OR the investigation of relays and 
similar electromagnetic apparatus, 
2 Banta giving the variation of current and 
$ flux as well as the motion of the armature 
during the operating cycle are of great 
value. The rapid-record oscillograph’ 
has been used extensively for current 
- measurements and, where a moderate 
- accuracy is sufficient, is very satisfactory. 
_ Data on the flux also may be obtained by 
_ graphical integration of oscillographic 

data, but such a process is laborious and, 
unless great care is taken, is of doubtful 
accuracy. The development of a shadow- 
graph attachment? for the oscillograph 
provided a means of measuring armature 
motion at the same time and with the 
same order of accuracy as the current 
measurements. 

The method to be described has been 
developed to take current-time, flux-time, 
displacement-time, and  velocity-time 
data by point by point readings on a d-c 
microammeter. By careful design and 
operation of the apparatus, it is possible 
to measure current and flux with an ac- 
curacy determined chiefly by that of the 
ammeter which in the better-grade in- 
struments is +1/, per cent of full scale. 
The accuracy of displacement and ve- 
locity measurements, which depend upon 
the use of a photoelectric cell and am- 
plifier, is not as good but is still sufficient 
for most work and is probably better than 
-cother methods of comparable simplicity 
and ease of operation, such, for example, 
as high-speed motion pictures or the 
shadowgraph method. 

Although intended primarily for-dy- 
namic measurements, the apparatus also 
provides a rapid, accurate, and sensitive 
method for obtaining other magnetic 
data, such as the magnetization curve, 
where the variation with time is not of in- 
terest. It is not suitable for measure- 
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ments involving extremely slow changes 
in magnetism, but for apparatus similar 
to that used in the telephone plant, where 
such changes usually take place within a 
half second or less, it is entirely satis- 
factory. 


Measurement of Flux With a Search 
Coil 


The principle upon which all of the 
measurements are based may be under- 
stood from an explanation of the measure- 
ment of flux by the use of a search coil. 


A 

B 

t=0 t=t, t=T 

Figure 1. Circuit for the measurement of flux 


by a search coil 


As in Figure 1, the relay or other struc- 
ture is connected to the supply voltage 
through a contact known as the A con- 
tact. A search coil is connected to a 
d-c instrument through the B contact. 
Contact A is opened and closed with 
about 50 per cent make and break at sucha 
rate that the flux in the relay has sufficient 
time to reach a substantially steady state 
during both the closed and the open in- 
tervals. Contact B operates in synchro- 
nism withcontact A. It always opens just 
before the A contact closes at which 
point the flux has dropped to its minimum 
point, or substantially the residual value. 
The point of closure of the B contact may 
be adjusted to occur at any time during 
the cycle. 

Let the flux linking the search coil of N 
turns at any time be ®. The resistance 
of the search coil and wiring is R,. As- 
sume that the ammeter has a resistance 
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Rm and inductance L,, the current flow- 
ing is then given by 


de _ di is 
Ny thm + (Rm+R)i=0 é @ 


The instrument will read the average 
value of current for the cycle. Let the 
period of the cycle be T and let the time 
of closing the B contact be 4;, measured 
from the time of the previous open period. 
The direct current read by the instrument 
will then be _ , 


ae 
Ib= ie idt 
Tr tu 


ee poy 
(Rn+ROT J, at fe 


aa (N@+L mi) —(NO+L mt) 


(Rm-FR)T @) 


Now the product Li at t:, when the B cir- 
cuit is closed, must be zero. Further- 
more, if the period T is long in compari- 
son with the time of decay of the flux ® 
and with the time constant L/R of the 
measuring circuit, the product Lt is also 
negligible att=7. We may write then 


RT To 108 (3 
N ) 


$,—P7= 


where R is now the total resistance of the 
measuring circuit. The factor 108 has 


- been added to reduce the units to the 


common ones. The flux ®T is the residual 
flux so that, if this is taken as a reference 
value, the value of the flux at the time of 
closing the B contact is simply 


cine (4) 
N 


= 


There are available relatively rugged 
commercial instruments of the pivot type 
with 10-ohms resistance and a full-scale _ 
reading of 0.2X10-* amperes. If then 
T=0.1, a full-scale deflection would be 
obtained for a value of B=2,000 with a 
ten-turn search coil of negligible resist- 
ance. If more sensitive instruments of 
the suspension type be used or a lower 
value of TJ, the sensitivity may be in- 
creased still further. With commercial 
instruments and J=0.1 second, the 
method is being used for measurements 
with a sensitivity approximately 100 
times as great as that of a fluxmeter of 
comparable ruggedness. 

It may be objected that the flux in 
equation 1 is made up not only of the 
flux to be measured but also of a com- 
ponent due to the current in the measur- 
ing circuit. This is true, and the flux 
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es it frould be- 
oT Note, however, that we 
with how the flux varie betneen 
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- the measuring circuit be substantially 
zero at the: time T. 
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"Measurement of Current 


oe 
wit 
} c , 


-* measured by connecting the primary of 
an air-core transformer in series with the 
- circuit and connecting the secondary in 
ae 

— 


— conditions the instantaneous current at 
time t, is given by © 


Jel 


ish. (5) 


Figure 2. Circuit for the measurement of 
current 


where M is the mutual inductance of the 

air-core coil and the other symbols have 

the same significance as before. The cir- 
cuit is shown in Figure 2. 


_ Measurement of Flux Using Bridge 
Circuit 


In many cases, it is desired to measure 
the flux linkages in the magnetizing wind- 
- ing itself, either because the use of a 
search coil is inconvenient or because the 
data are desirable for other reasons. For 
such purposes, the circuit in Figure 3 is 
used. The relay or other device to be 
measured together with the primary of 
an air-core inductance, if current read- 
ings are also desired, is made one arm of a 
bridge which is balanced to direct current 
by closing both the A and B contacts 
and adjusting Rg for no deflection of the 
meter. If the contacts then are operated 
with the period 7, the instrument will 
read a current Jp, and the flux turns of the 
relay at time #, will be 


N®X108=RyloT X 


Tigay SAR ; 
[1 x(u4 Rte) [as (6) 


where 1V® is the flux linkage of the wind- 
ing, or N the number of turns and ® the 
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times 
a and T but only with its value at ithel t 
Since the flux at t; is that which is 
> has been established with the search-coil m 
- circuit open, the one requirement is that 
the constants be such that the current in — 


The instantaneous value of current is 


place of the search coil. Under these 


ee ieee 


Shane oe DR, a aonies the 
avoid this, the connections are 
for measurements on decay to tha: 
in Figure 4. When this circuit is use 
is never closed until A has opened. The 


resistance K(R,+Rm) is placed in series 
with the meter to make the expression for‘ 


flux linkages the same as before. 


Measurements have been made using — 


the bridge method on apparatus having a 
flux of from less than one maxwell to over 


_ 50,000 maxwells and taking currents of 
from a fraction of a milliampere to over 


an ampere. 


Measurement of Displacement and 

Velocity . 

An optical system is arranged such that 
the illumination falling on a photoelectric 
cell is proportional to the displacement of 
the armature. An amplifier effective from 
direct current up to a frequency deter- 
mined by the resolution required with 
substantially no phase shift delivers into 
the primary of an air-core transformer a 
current proportional to the instantaneous 
displacement of the armature. The 
secondary of this transformer connected 
to the measuring apparatus then will 
give a d-c reading proportional to the 
armature displacement at the time the B 
contact closes. 

If the amplifier be changed to one in 
which the output current is proportional 
to the rate of change of input voltage, or, 
in other words, to one in which the volt- 
age gain is proportional to the frequency 
with a 90-degree phase shift, the instru- 
ment then will read a value proportional 
to the rate of change of displacement or 
to the instantaneous velocity. Under 
these conditions, the amplifier differen- 
tiates the input voltage once, the output 
transformer differentiates the second 
time, and the d-c instrument integrates 
once, leaving a net result of one differen- 
tiation. 


Apparatus 


Figure 5 shows the instrument designed 
to take the measurements described. In 
the center is the flux machine. It con- 
sists of a small synchronous motor with a 
gear-shift mechanism allowing a choice 
of five accurately held pulse rates varying 
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ual effects and for polar relays. 


The method used to sae 2 the fee 
closure of the B or meter cir 
adapted from the usual form of puls 
chine. As in Figure 6 two contacts are | 
provided, each closed for 50 per cent of - 
the cycle. One is fixed in phase and is = 
to open just before the A or battery cir- 
cuit is closed. The second contact may 
be adjusted in phase through 360 degrees : 
and may be connected either in parallel or — 
series with the first. When the two con-_ 
tacts are exactly out of phase and in 
parallel, the circuit is closed at all times 


as illustrated in position 1. If the second — 


contact now be shifted in phase to posi- | 
tion 2, the contacts still being in parallel, — 
the circuit will be closed for three-fourths — 
of the time, and, if shifted to position 3, — 
for half the time. The contacts then are 
connected in series. In position 4, the — 
circuit still is closed for half the time. A 
further shift to position 5 gives closure 

for one-fourth of the cycle, and, finally, — 
in position 6 a shift of 360 degrees from 


Figure 4. Modification of Figure 3 used to 
measure decay of flux 
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_ the start gives no closure. Note that in 

all conditions the circuit is opened by the 

fixed contact, which maintains a fixed 

phase relation with the A contact and is 
closed by the movable contact. 

In practice, it is more convenient to 
& supply two movable contacts 180 degrees 
_ apart in phase, one for the parallel con- 
- mection and one for the series, and to 
shift their phase through only 180 degrees. 

The ordinary pulse machine uses only a 
4 __ Single movable contact and 180 degrees 
. shift but has not the feature of opening ° 
the circuit at a fixed phase. 

In the instrument shown, the B con- 
tacts are bronze brushes bearing on silver 
segments on a seven-inch disk. The con- 
ducting segments cover half of the cireum- 
- ference so that one contact per revolu- 
- tion is made. The movable brushes are 
adjusted by a worm-drive dial of the 
_ type used for precision condensers, one 
division corresponding to 1/1,000 of a 
- eycle. The A or battery circuit is opened 
and closed by relatively heavy cam- 
_ driven platinum-iridium contacts with 
provision for ease of cleaning and adjust- 
ment. 

The gear-shifting mechanism consists 
of two shafts each carrying five gears, the 
- first shaft geared to the motor, the second 
to the commutator disk. Between the 
shafts is a carriage carrying five idler 
- gears, which is raised and lowered by a 
rack and pinion from a knob on the front 
~ of the apparatus. For each revolution 

of the knob, the successive idler gears 

are brought into mesh with the successive 
pairs of gears on the two shafts allowing 

a choice of five speeds to be obtained. 

The elements of the bridge circuit of 

Figure 3 are built into the instrument. 

The resistances are held accurately and 
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are of ample current-carrying capacity. 
The value of R, is 250 ohms, the decade 
resistance R, has a maximum resistance 
of 111 ohms with an 0.2-ohm rheostat for 
accurate balance, and the value of K may 
be selected from five values from 1 to 120. 
Provision is made to connect an external 
resistance in place of Rg, if the decade 
boxes have insufficient range or current- 
carrying capacity. For a typical 1,000- 
ohm relay, a value of K=40 would be 
used so that the circuit constants would 
be: R,=250, KR,=10,000, Rg=25. A 


a 


PARALLEL 


SERIES 


Figure 6. The operation of the B contact 


pulse rate of T=0.25 ordinarily would 
be used. 

For the measurement of current, three 
large toroidal air-core mutual inductances 
are provided, having mutual inductances 
of 0.02, 0.10, and 0.50 henry. These make 
it possible to measure currents of from less 
than one milliampere to several amperes. 
The coils are selected by means of a three- 
position key and a plug provided to short- 
circuit the primary, if current measure- 
ments are not required. 


The amplifier for displacement and 
velocity measurements 


Figure 7. 
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: Figure 5. Apparatus © 
~ assembled for use 
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Apparatus for Displacement. and Fe 
_ Velocity Measurements — 


- The optical system and amplifier a 
for the measurement of displacement and 
velocity are shown at the left of Figure 5. 

Preliminary experiments indicated that 
the type of amplifier required for displace- _ 
ment measurements, that is one with uni- — 
form gain and substantially no phase shift 
extending down to direct current, pre- — 
sented no serious difficulties because oe 
the relatively low net gain required anc 
the relatively high output voltage of oan : 
photoelectric cell, The amplifier for - 
velocity measurements, however, where 
the voltage gain was required to increase — 
linearly with frequency presented more | 
practical difficulties. Theindicated maxi- _ 
mum gain required was well over 100 — 
decibels at a frequency of 1,000 or 2,000 
cycles, and, moreover, the phase char- — 
acteristic required was one which in- 
creased the difficulties of avoiding self-_ 
oscillation. 

From many theoretical and practical — 
considerations it was decided to make the 
amplifier in two sections, each with feed- 
back and each with two stages. The first 
or preliminary amplifier is shown in 
Figure 7a. 

This is a two-stage feed-back amplifier, 
but the feedback may be either a capaci- 
tance for velocity measurements or a re- 
sistance for displacement measurements. 
The capacitances are of mica and the re- 
sistances of a precision type, and the gain 
is sufficient so that the net gain is sub- 
stantially independent of everything but 
the feed-back impedance over the range 
of interest. This permits absolute meas- 
urement of displacement and. velocity to — 
be made, if a single constant which is 
ordinarily the total motion of the arma- 
ture is known. The contacts of a small 
relay operated from the heater circuit are 
placed at a to avoid the drain on the plate 
battery, if the feed-back switch is left on | 
a resistance terminal. _ 

For measuring displacement the switch 
is placed on one of the six resistance con- 
tacts and for measuring velocity on one 
of the four capacitance contacts. The 
successive values of capacitance and re- 
sistance change in the ratio of three, or 
three and one third, to one so that a wide 
range of gain is obtainable. The circuit 
is operated at as high a feedback as is 
consistent with the required sensitivity. 
Finer adjustment of the gain may be made 
by the potentiometer on the right which 
is a part of the second or power amplifier 
shown in Figure 7b. This is also a two- 
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+ Figure 8. fhe ps paced oe seme 


: and velocity measurements 


a—Lamp 
b—Condensing lens 
c—Slit 

d, e—Objectives 
{—Moving vane 
g—Photoelectric cell 


stage feed-back amplifier with a resistance 
feedback modified by the network shown 
to compensate for the distributed capaci- 
tance of the air-core output transformer. 


The first three stages of the amplifier 


are high-gain pentodes and the output a 
power pentode. The first tube is mounted 
in the same container which holds the 
photoelectric cell, which is shielded 
electrostatically and magnetically except 
for a small window by a permalloy shell. 


The lamp is a nine-volt, two-ampere ~ 


bulb, which is operated normally at five 
to six volts, a range of 2-12 volts being 
available by a rheostat. 


The Optical System 


Most of the features of the optical sys- 


tem are due to the advice and assistance 
of associates who have been connected 
with the sound-motion-picture develop- 
ment. The fundamental design is similar 
to the film-reproducing system with cer- 
tain necessary changes in dimensions.‘ 

In Figure 8, a is the lamp, b the con- 
’ densing lens, c a slit, d and e objective 
lenses, f a vane on the part whose motion 
is to be studied, or the sharp edge of the 
part itself, and g is the photoelectric cell. 
-The.lamp and the condensing lens are the 
same as those used in the film reproducer. 
The slit is the same except that its width 
has been increased to 0.005 inch and a 
feature added permitting its length to be 
adjusted from zero to about 0.10 inch. 
The objective lenses are inexpensive 
Bausch and Lomb achromatic lenses. 
Lens e is interchangeable for different 
focal lengths and may be moved back and 
forth in the supporting tube for precisely 
focusing the image of the slit on the 
moving part. 

The three lenses and slit are mounted 
in a tube fastened to the lamp housing, 
which in turn is fastened to a short optical 
bench which also supports the photo- 
electric-cell container. The lamp housing 
contains provision for bringing the lamp 
filament to the proper position. The op- 
tical bench is fastened to the backboard 
of the laboratory table and may be placed 
at any angle so that motion in any plane 
may be measured. The relay or other 
structure being measured ordinarily is not 
fastened to the optical bench but is se- 
cured to the table top. 

At first sight this system may seem 
more complicated than is necessary. Its 


154 TRANSACTIONS 


: , - yh tee oe 
H x open 
‘ ‘ 
aor a ind 
i a“ WAS Seer 
f= —_ pd 1 
PS ~~. ---- — . 
1 / 


Figure 9. The filter 

circuit to smooth the 

data to the measur- 
ing instrument 


advantage is that it provides a rectangu- 
lar beam of light of constant width and 
adjustable length at the point to be meas- 
ured. The necessity for numerous light 
shields and screens is done away with, al- 
though it is advisable to throw a black 
cloth over the whole apparatus, when 
once adjusted, to keep out the overhead 
illumination. : 

The reason for this last is of interest. 


. The flux machine is driven by a synchro- 


nous motor on the same 60-cycle mains as 
the overhead lights, so that the contacts 
on the machine operate in synchronism 
with the fluctuations in light intensity. 
Any measurements made with overhead 
illumination getting into the cell will, 
therefore, have a superimposed 120-cycle 
ripple. 
had to be taken to avoid any 60-cycle 
pickup in the apparatus. The heaters 
of the tubes are supplied with well- 
filtered direct current and cannot be used 
on alternating current. Noise not due to 
60 cycles is of little importance, which is 
fortunate, since with high gain the ampli- 
fier is somewhat noisy. 


Vacuum-Tube Filter Circuit 


It has been assumed tacitly in the fore- 
going theory that it is possible to read the 
direct component of a complex wave 
simply by placing a d-c instrument in the 
circuit. This is true if a sluggish instru- 
ment is used with a relatively high pulse 
rate. Many measurements, however, 
require a slow pulse rate, and the more 
convenient rapid-reading types of in- 
struments will follow the pulses to such 
an extent that an accurate reading is im- 
possible. 

On the right of the photograph is the 
apparatus which serves as a very efficient 
low-pass filter. This filter must fulfill a 
variety of very stringent requirements, 
chief of which may be listed: 


1. Low loss to direct current. 


2. High loss, probably exceeding 30 deci- 
bels to frequencies above one cycle per sec- 
ond. 


3. A constant-resistance input. 


4. Ability to suppress peaks of relatively 
high voltage of several hundred or thousand 
times the direct voltage being measured. 


5. No effect other than one which may be 
calculated accurately on the d-c reading. 
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‘filter built in the ordinary way to have © 


comparison with this figure. 


sity of fulfilling this condition. 


For the same reason extreme care ~ 


¢ 
6. The circuit should not increase ers | 
the time required for the- instrument to 
reach a steady reading. 4 


Requirement 3 may call for some com- — 
ment. It was pointed out earlier that the — 
method requires the time constant of the : 
measuring circuit to be small in compari-_ 
son with the period of the pulses. A i 


high suppression to pulses of period T 
would not have a time constant small in | 
The re- 
quirement of constant-resistance input is 
a convenient way of expressing the neces- — 


The original work on the system used 
was done by R. F. Wick, and many of the 
features to be described are attributed to 
him. The circuit diagram is shown in — 
Figure 9. From left to right the elements — 
are as follows: a balanced impedance — 
bridge containing the ammeter in one © 
arm, a blocking capacitor, a vacuum 
tube used as a plate-supply impedance 
for the power tube, and a two-stage am- 
plifier with an interstage phase-adjusting 
circuit. The three-point double-pole key 
when in the normal position removes the — 
meter (50 ohms) and substitutes a 50- 
ohm resistance. When off normal the 
meter is connected in either polarity. 

The operation of the circuit is best — 
understood by assuming the reactance 
elements to be omitted from the bridge 
and the contact on the potentiometer 
forming one diagonal to be at the lower 
left. The input to the amplifier is then 
directly across the line, and any feedback 
is eliminated, since the bridge is balanced. 
Any alternating component applied will 
be amplified and sent back through the 
meter in the opposite polarity from that 
coming directly from the line. If then © 
the gain in the amplifier is correct and its 
phase shift nearly zero, the alternating 
component through the meter will be 
greatly reduced. 

The bridge provides the constant-re- 
sistance feature at the input, since the 
output of the amplifier can have no effect 


Figure 10. IlIlustrat- 

ing method of com- 

pensating for phase 

distortion in ampli- 
fier 
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A Figure 11. Current and flux variation in unbalanced by short-circuiting the lower 
“3 central-office-type relay 50-ohm resistance, an error of 20 per cent 
E Dashed lines—Decay with resistance Camas 15 Jutregieed ta the,’ s reading 
2 Gipicibe COANE ardiit because of the extremely large effective 
e reactance of the feed-back amplifier. If 
e the bridge be unbalanced by short- 


circuiting the meter, the amplifier is quite 
likely to motor-boat and blow the fuse 
used to protect the meter. It is for this 
reason that the meter key is made to re- 
place the meter by a 50-ohm resistance. 
When in this position, the fuse also is 
short-circuited to avoid needlessly blow- 
ing fuses with the high surges which fre- 
quently occur when the amplifier is turned 
on and the capacitors start to charge. 
The filter, as described, omitting the re- 
actance elements from the bridge, would 
be entirely satisfactory within the power 


on the input impedance. It does how- 
ever necessitate a loss from both line and 
amplifier to the measuring instrument. 

Practically, the difficulty in design is in 
securing an amplifier with enough peak- 
output capacity and negligible phase 
shift at frequencies from one cycle up. 
This has been accomplished by a com- 
bination of several methods. Most of the 
phase shift is introduced by the plate 

capacitor in the last stage. The effect 
of this is reduced by using as a plate- 
supply resistance to the 6L6 used as a 
power stage, a second 6L6 operated with 
a plate potential of about 50 volts and a 
screen of 300 volts. The equivalent re- 20 
sistance in so far as voltage drop is con- 
cerned is about 1,600 ohms, but the re- 
sistance to fluctuations in the plate cur- 
rent is many times this figure. 

The gain of the amplifier is controlled 
by feedback secured by the potentiometer 
in the diagonal arm of the bridge. The 
gain is sufficient so that a substantial 
amount of feedback may be used with a 
consequent further reduction in phase 
shift. 

The final phase compensation is secured 
by the interstage potentiometer. The 
effect of this is illustrated in Figure 10. 
The lower curve is the net phase shift of 
the amplifier without the interstage cir- 
cuit. The upper curve is the phase shift, 
which may be introduced before the grid 
of the second stage. By proper adjust- 
ment these may be made to compensate 
each other down to a frequency of one or 
two cycles. The circuit constants are 
such that the final adjustment of low- 0 Ri ROaelT On Me ha 05.06 
frequency phase may be made with a neg- AMPERES 
ligible effect on high-frequency gain. It Figure 12. Operate cycle of heavy-duty 
may be of interest that, if the bridge be electromagnet 
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capacity of the amplifier. With certain — 
measurements, notably those of velocity, 

the peaks of the wave as applied to the 

filter, which in this case would be pro-— 
portional to acceleration, are so high that — 
no reasonable amplifier would be able to _ 
follow them. These knifelike peaks, how- 
ever, are so sharp that they may be re- | 
moved easily by reactance elements added _ 
to the bridge as shown. It will be noted © 
that the bridge is still of constant resist- ~ 
ance and still is balanced at all fre-— 

quencies. ; 

Three adjustments are provided on the 
amplifier, one controls the feedback, a 
second the phase correction, and the 
third the plate current. A plate milli- 
ammeter is provided to measure either 
plate current or the sum of plate and 
screen currents, as will be clear from the 
diagram. The amount of suppression is 
controlled by a three-position key, which — 
may be used to cut down the sizes of the 
capacitors in the circuit in a ratio of two 
and four to one. In cases where one of 
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Figure 13. Relative motion of armature and 
core of relay at the end of its stroke when 
striking stop pins 


yn mils 


-—In inches per second 
Abscissas—lime in milliseconds after closing 
contact 


the higher pulse rates is used, adequate 
stippression and somewhat faster readings 
may be secured by using smaller capaci- 
tors. With the maximum suppression, 
two cycles may be reduced to such an ex- 
tent that it has no detectable effect on the 
meter pointer. Accurate measurements 
at one cycle may be made, although there 
is a slight motion of the pointer. 

Analytical studies have indicated that 
the transient response of the circuit de- 
pends to a large extent on the ratio of the 
interstage coupling capacitor to the out- 
put capacitor and, moreover, that there 
is an optimum ratio of the phase-com- 
pensating capacitor to the other two. In 
altering the amount of suppression, there- 
fore, the ratios of the three capacitors are 
held constant. 
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eunonela: Reside are presented of a study 


of the relation of pH of soil waters to gal-- 


vanic action between couples of lead, cop- 
per, iron, and carbon. Galvanic-cell tests 


were made using as electrolytes actual soil . 


waters or soil extracts from 31 locations at 
which trouble had been experienced. The 
following conclusions apparently can be 
drawn from this investigation: 


1. Galvanic corrosiveness on lead, copper, and iron 
appears generally more severe for soil waters of low 
_pH than for those of high pH. 


an 2. Indications are that the static potentials of 


lead and iron are practically constant in soil elec- 
trolytes of pH up to approximately ten; as pH is 
increased above ten, lead becomes more negative 
and iron more positive. The potential of copper 
becomes more negative in substantially straight-line 
relation with increasing pH. Carbon potentials 
appear to be practically independent of pH of soil 
waters. 


3. For electrodes of lead, copper, iron, and carbon 
in soil waters, the relation of degree of polarization 
to pH of electrolyte seems to show definite trends. 


LANNING an underground plant 

which includes metals initially or 
eventually to be exposed to contact with 
soil waters involves consideration of the 
deteriorating effects of corrosion. In 
wet environments, lead-sheathed cables, 
iron pipes, and other underground me- 
tallic structures are often subjected to 
corrosion caused by direct earth currents. 
In many such cases, it has been deter- 


FRANK KAHN | oP 


ASSOCIATE AEE) “ee ? 


mined that current producing the elec- 


trolysis is of galvanic origin. - 

In an attempt to evaluate relative cor- 
rosiveness of soil waters, chemical analy- 
ses along orthodox lines were made on 
waters from many locations. Chemical 
analyses of electrolytes from environ- 
ments considered severely corrosive often 
did not appear to differ significantly from 
those for environments classed as inert. 
Also, no definite correlation was observed 
between the corrosiveness of these waters 
and any combination of the wide range of 
chemical constituents found. 

It was noted, incidentally, that the 
hydrogen-ion concentration of the waters 
varied from approximately pH 2 to pH 
12. Also, experimental data in hand in- 
dicated a possible relation between gal- 
vanic corrosiveness and pH of electro- 
lyte. Because of the ease with which the 
pH of a water sample can be determined, 
such a relation could prove of great value 


Paper 45-60, recommended by the AIEE committee 
on power transmission and distribution for pres- 
entation at the AIEE winter technical meeting, 
New York, N. Y., January 22-26, 1945. Manu- 
script submitted November 29, 1944; made avail- 
able for printing December 27, 1945. 


Howarp S. Puetprs is engineer in charge, special 
investigation and testing division, and FRANK 
KARN is senior technical assistant, testing section, 


both in the engineering department of the Phila- - 


delphia Electric Company, Philadelphia, Pa. 


Measurements 


The results of a few typical measure- 
ments are given in Figures 11, 12, and 13. 

Figure 11 shows the build-up and decay 
during operation and release of a central- 
office telephone relay having a number of 
contact springs. The scalloped effect in 
the current build-up curve is due to the 
sudden changes in load on the armature 
as successive contact springs are picked 
up. The more rapid build-up of the cur- 
rent at the start of the cycle as compared 
with the flux is caused by the presence of 
eddy currents in the core. 

Two decay curves are shown, one with 
a resistance-capacitor protective shunt 
across the operating contacts and the 
second with no protection. The voltage 
tending to produce a spark across the 
contacts is equal to the slope of the flux 
curve and this is reduced substantially 
by the addition of the shunt. The finite 
rate of decay of flux with no shunt is due 
to the presence of eddy currents. 

Figure 12 shows similar data taken for 
a heavy-duty laminated-core electro- 
magnet but plotted in a different manner. 
This is effectively a dynamic magnetiza- 
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tion curve of instantaneous flux plotted 
against instantaneous current during the 
operating cycle. The top curve is the 
usual magnetization curve with the arma- 
ture in the operated position. Data 
plotted in this way are of great value in 
the theoretical study of magnetic devices. 
Figure 13 shows data on relative dis- 
placement and velocity of the armature 
and core of a central-office relay during 
the interval in which they come together. 
These data are used chiefly in determining 
the maximum velocity attained by the 
armature, in this case about 11.8 inches 
per second. To give an idea of the resolu- 
tion obtained, this plot represents less 
than three per cent of the total cycle. 
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and compare results under 


‘and yet provide instructive information. 


materials commonly occurring as elec- 


with the desired materials as 


conditions. Considering the 
variables involved, it was felt to 00 
ambitious an undertaking ‘to simul: 

in the laboratory anything like the range 4 
of conditions provided by field environ- — 
ments. It seemed desirable to seek an — 
approach which would be more feasible — 


Accordingly, the study was limited to_ 
galvanic effects of various waters on four 


4 
trodes in underground installations. The — 


electrodes selected*were lead (from com- ~ : 
mercial lead sheathing), copper (electro- _ 
lytic), iron (low-carbon steel), and carbon 
(arc-lamp electrode or core of a dry cell). 
Thirty-one samples of manhole waters, 
soil waters, and distilled-water extracts | 
from soil specimens, collected from vari- | 
ous locations where trouble had been 
experienced, were used as electrolytes. 
Several of the waters used were from 


> 


_ sources hundreds of miles apart. For 


; 
comparison, municipally-supplied ae 
water was also included. j 
Galvanic-corrosion behavior was in-— 
vestigated by studying the “current ver- 
sus potential” relations of pairs of the 
electrodes on the various electrolytes, — 
following the suggestion of Burns.1 The | 
test cell comprised a beaker containing 
200 milliliters of electrolyte with two ~ 
test electrodes immersed for two and one- 
half square inches of surface. A saturated 
calomel electrode was used as a reference 
electrode, connection being made through 
a salt bridge. The test and reference 
electrodes were disposed in a triangle 
with the opening of the salt bridge ap- 
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Figure 1. Current-versus-potential charac- 
teristic of lead—copper galvanic couple in soil- 
water electrolyte of pH 7 


Dashed lines show polarization slopes 
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_ Figure 2. Current-versus-potential charac- 
_ teristics for two cells with current supplied 


trodes and the other cell (broken lines) having 
a two lead electrodes 


characteristic reproduced from Figure 1 


_ proximately at half the depth of immer- 
sion of the test electrodes. All potentials 
_ were measured with a null potentiometer, 
4 and short-circuit currents were deter- 
_ mined by an ammeter with potential drop 
compensated with an external voltage 
_ source as suggested by Denison.? The 
a cell tests were made at an ambient tem- 
_ perature of 75 degrees Fahrenheit +5 
_ . degrees Fahrenheit. 
* Previous experience having indicated 
a knowledge of the chemical constituents 
to be of little help in evaluating corro- 
_ siveness, chemical analyses of these waters 
were not made except for electrometric 
determination of hydrogen-ion concen- 
trations. 

In Figure 1 is shown a typical ‘“‘current 
versus potential’ characteristic for the 
lead-copper couple inoneof the soilwaters. 
_ This characteristic shows how the po- 
tential differences between each test elec- 
trode and the calomel electrode vary with 

magnitude of current flow between elec- 
trodes as the cell is gradually short cir- 
cuited. The individual curve for each 
electrode is known as its polarization 
curve. The dashed straight lines shown in 
Figure 1 were drawn by connecting the 
points representing the open-circuit con- 
- ditions for each electrode and the point 
representing the short-circuit condition. 
Each dashed line is a fair approximation 
of the actual anodic or cathodic polariza- 
tion curve for the respective electrode 
and its slope will be referred to as the 
- “polarization slope.” It will be observed 
- that anodic polarization slopes will be 
positive and cathodic polarization slopes, 
negative. : 
From preliminary tests, it became ap- 
parent that one of the most critical as- 
pects of these test cells was the technique 
of cleaning the electrodes before each test 
to give reproducible potentials. Various 
treatments were tried and it was found 
simplest to remove a surface layer of metal 
’ with nitric acid and wash thoroughly with 
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tap water followed by distilled water. 
This proved effective except in the case of 
the carbon electrodes which were difficult 
to depolarize. However, it was found that 
heating in a Bunsen flame to approxi- 
mately 250 degrees Fahrenheit followed by 
soaking in nitric acid and washing gen- 
erally restored the initial condition. 

The cells were permitted to reach a 
substantially steady state before taking 
final readings. On open circuit several 
minutes were required to reach steady 
state in a number of instances. On short 
circuit, however, considerably more time 
generally was required to reach approxi- 
mate stabilization. 

Another approach to the electrolytic 
behavior of the electrodes in the various 
electrolytes was made by observing the 
“current versus potential” relation of two 
electrodes of the same material when 
direct current was supplied to the cell from 
an outside source. This method produces 
simultaneously the anodic and cathodic 
polarization curves for the particular elec- 
trode material. In order to determine the 
galvanic relation of any two materials in 
the electrolyte, it is not necessary to set 
up the actual cell. For all practical pur- 
poses, the proper curves can be combined 
to show what galvanic action will result. 

Figure 2 illustrates this relation for lead 
and copper electrodes in the same elec- 
trolyte used in the tests shown in Figure 1. 
A galvanic cell comprised of a lead and a 
copper electrode in this electrolyte should 
give the characteristic indicated by the 
combination of the anodic curve of the 
lead and the cathodic curve of the copper. 
This is substantiated by reproducing by 
light dashed lines in Figure 2 the char- 
acteristic for this cell shown in Figure 1. 

Figure 3 shows static electrode poten- 
tials to the calomel electrode scale for 
lead, copper, iron, and carbon plotted 
against pH of the electrolyte. Because of 
scattering of the points representing the 
data, envelopes have been drawn to show 
the general trends. It is seen that the po- 
tentials of lead and iron seem to be sub- 
stantially constant in electrolytes of pH 
up to ten. As the pH is increased above 
ten, lead becomes more negative and iron 
more positive. The potential of copper 
becomes increasingly negative in practi- 
cally linear relation with pH as the pH in- 
creases. The potential of carbon appears 
to be practically independent of pH of 
electrolyte. 

Figure 4 shows envelopes for open- 
circuit electromotive force and _ short- 
circuit currents, plotted against pH of 
electrolyte, for galvanic cells of the six 
combinations of the electrodes: lead- 
copper, lead-iron, copper-iron, lead-car- 
bon, copper-carbon, and iron—carbon, re- 
spectively. ; 

The electromotive forces shown by the 
dotted envelopes in Figure 4 are obviously 
what would be expected from the appro- 
priate combinations of the static electrode 
potentials shown in Figure 3. Of particu- 
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Figure 3. Static electrode potential versus pH 
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of soil-water electrolyte for electrodes of lead, 


copper, iron, and carbon 


lar interest is the reversal of polarity of 
the lead-iron couple in soil waters above 
approximately pH 10 as shown in Figure 
4B. 

The envelope of short-circuit currents 
versus pH for the lead-copper couple, 
shown in Figure 4A, does not appear to 
evidence any characteristic trend. How- 
ever, the maximum current for this couple 


~ (400 microamperes per square inch at pH 


5.0) is of the order of half the maxima 
found for the lead-iron and copper-iron 
couples. With carbon as one electrode of 
the couple, current maxima were of the 
order of 20 to 40 times this magnitude. 

The envelope of short-circuit currents 
for the lead-iron couple, Figure 4B, shows 
highest values of current below pH 7. 
Thereafter, as the pH increases, the cur- 
rent diminishes to zero at pH approxi- 
mately 10 to 11 and then increases gradu- 
ally with polarity reversed. 

The short-circuit current envelope for 
the lead-carbon couple, Figure 4D, ap- 
pears to have a minimum at approxi- 
mately pH 8, with the highest value of 
current magnitude at pH 11.7. 

The short-circuit currents for copper- 
iron, copper-carbon, and iron-carbon 
couples apparently have maximum values 
below neutral pH (pH 7) tapering down to 
low values at pH of approximately 12. 
In the copper-iron couple in particular 
(Figure 4C) in the soil-water electrolyte of 
pH 12, the short-circuit current was only 
2 microamperes per square inch. 

Figure 5 shows slopes of the anodic and 
cathodic polarization curves versus pH 
for the lead, carbon, copper, and iron elec- 
trodes, respectively. 

From Figure 5A it appears that lead is 
practically nonpolarizing at both extremes 
of pH with increased polarization occur- 
ring between approximately pH 7 to 10. 

As shown in Figure 5C, copper as an 
anode is nonpolarizing at low pH and 
rises to a peak in the region of pH 12. 
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(A). Lead-copper couple 
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(B). Lead-iron couple 


Figure 4. Open-circuit electromotive force 

and short-circuit current versus pH of soil- 

water electrolyte for galvanic-couple combi- 

nations of lead, copper, iron, and carbon 
electrodes 


There appears to be considerable scatter- 
ing of degree of polarization below pH 7 
for copper as a cathode, but a pronounced 
peak of high magnitude was obtained for 
the soil water of pH 12. 

Iron as an anode polarizes little in soil 
waters of pH less than approximately ten. 
Above this value, as shown in Figure 5D, 
polarization is very marked. As a cath- 
ode, iron appears to polarize increasingly 
with increase in pH. 

The polarization slopes for carbon, as 
both anode and cathode, shown in Figure 
5B, indicate low values at the extremes of 
pH with a hump in the region approxi- 
mately pH 7 to 10. Although carbon may 
not be of special interest as a galvanic 
electrode in virgin soils, it often becomes 
of importance in urban fills. The uni- 
formly high positive potential of carbon 
will tend to cause severe anodic corrosion 
of practically any other metallic under- 
ground structure when such structure and 
the carbon are related to their environ- 
ment as a short-circuited galvanic couple. 
This is particularly true where the soil 
waters are at extremes of pH. When 
voltage measurements between metallic 
earth substructures show a constant po- 
tential difference of the order of one volt, 
an open-circuited galvanic cell, involving 
carbon as a cathode, is strongly indicated. 
Bonding together of such structures is 
contraindicated. 

A test was made to determine the in- 
fluence of the ohmic resistance of the elec- 
trolytes on the results obtained. A gal- 
vanic cell of one of the pairs of electrodes 
in a representative electrolyte was set up 
as usual and permitted to stabilize for a 
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(D). Lead-carbon couple 


dynamic condition. Electrode potentials 
were carefully observed while one of the 
electrodes was moved about in the beaker. 
No changes in the dynamic electrode po- 
tentials were observed during this test, 
although the electrode spacing was varied 
from a separation of approximately two 
inches to closest proximity possible with- 
out actual contact. It was therefore con- 
cluded that the ohmic resistance drops in 
the electrolyte could be neglected. Asa 
matter of interest, the resistivity of the 
soil waters tested ranged from a few 
hundred to several thousand ohm-centi- 
meters at 25 degrees centigrade. 

It should be thoroughly understood that 
this study has been confined to galvanic 
effects on actual soil waters. This means 
that, for the conclusions drawn, corrosion 
by direct chemical attack or by micro- 
biological organisms is expressly excepted. 
Also, it is emphasized that the effects ob- 
served in this study were obtained for 
soil waters which very probably have 
somewhatrelated chemical characteristics. 
In other words, soil waters probably con- 
tain many salts in common with the like- 
lihood of similarity of galvanic behavior, 
despite variations in concentration and 
acidity. It is not intended to generalize 
the conclusions drawn beyond soil-water 
environments. 

It is appreciated that underground 
environments introduce many variables 
not taken into account here, such as sur- 
face films, movement of electrodes, flow 
of electrolytes, and so forth. The authors 
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did not attempt the comprehensive in- 
vestigation which would be required to 
determine the effects of these factors. 
Although having no counterpart in field 
occurrences, the cleaning of the electrodes 
by chemical removal of surface layers 
eliminated an important cause of varia- 
tion in results. Conceding that this pro- 
cedure produces results which are not 
completely representative of practical ef- 
fects, it is still believed the data are in- 


dicative of the relative order of severity of © 


galvanic corrosion. 

The polarization slope is a direct ratio 
of voltage to current density and can be 
considered to be a measure of the current 
density which would result from a given 
dynamic electrode potential. With known 
magnitudes of voltages between identified 
structures in an underground electrolysis 
circuit, and provided local galvanic effects 
could be satisfactorily taken into account, 
it may prove possible to estimate the cur- 
rent-density distribution on the structures 
concerned. 

It may also prove feasible to determine 
relative severity of corrosion on electri- 
cally-interconnected metallic underground 
structures of different materials. This is 
illustrated by the following example. 

Assume a composite anode of copper 
and lead in an underground electrolysis 
circuit energized from a d-c source (for 
example a lead-cable sheath with copper- 
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envir ment). neste also that ‘fe ree 
ga. vanic current between the lead and the 
copper can be neglected. Consider first 
that the electrolyte is of pH 8. From 
: Figures 5A and 5C it is observed that the 
average value of polarization slopes for 
both lead and copper at pH 8 is approxi- 
‘mately 0.8 volt per milliampere per 
squareinch. The densities of anodic cur- 
rent flowing from the two metals into the 
electrolyte would therefore be compar- 
able and electrolytic corrosion of the two 
metals would be of similar severity. 
- Next, consider conditions the same ex- 
_cept the electrolyte to be at pH 12 instead 
- of pH 8. Figures 5A and 5C indicate that 
at pH 12 the anodic polarization slope for 
lead is down to approximately 0.1 volt 
a per milliampere per square inch while the 
anodic polarization slope for copper has 
increased to the order of two volts per 
_ milliampere per square inch. 


polarization slopes is that to maintain 
equal dynamic potentials to the environ- 
ment at pH 12, the current flow from the 
lead anode must be of the order of 20 
times that from the copper. As a conse- 
quence, anodic corrosion of the lead com- 
ponent of a composite lead—copper elec- 
- trode will be many times as severe as for 
the copper. Preliminary tests appear to 
corroborate this analysis. 

It is hoped that the material which has 
been presented will stimulate interest to 
the extent that others may be induced to 
contribute data to provide a better under- 
standing of this subject. 


et. sein tii 


Conclusions 


Assuming that the waters which were 

~ used are representative soil electrolytes, 

it is believed the following conclusions are 
indicated by the data presented. 


1. Galvanic corrosiveness on lead, copper, 
’ and iron appears generally more severe for 
- soil waters of low pH than for soil waters of 
high pH. 


2. The static potentials of these electrodes 
have the following relationships to pH of 
soil waters: 

(a). The static potential of lead is practi- 
cally constant at about —0.5 volt (calomel 
electrode scale, é,) in soil electrolytes of pH 
up to approximately ten. Above this, lead 
becomes more negative with increase of pH. 


(b). As the pH of the soil waters increases, 
the potential of copper becomes more nega- 
tive in substantially straight-line relation 
with pH. It changes in potential from 
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The significance of this difference in | 


\ (aaa ee Aiea 
ies EMBERS, >A] 
Goeth oe reer ek 
ae a 


POLARIZATION SLOPES 
VOLTS PER MILLIAMPERE PER SQUARE INCH 


pH 


(A). Lead electrodes 


w 
Oo 
Ras O14 
ae 
os ° SS 
ae) wae 
S63 LPR eer 
ee Eg AHH 
aS -0.8 
epee py 


re) 6 8 {Ke} 12 
, pH 


(B). Carbon electrodes 


Figure 5. Slopes of anodic and cathodic 
polarization curves versus pH of soil-water 
electrolytes for lead, carbon, copper, and iron 


approximately zero: volts (e,) at pH 2, to 
approximately —0.2 volt (¢,) at pH 12. 

(c). The potential of iron is substantially 
constant at approximately —0.6 volt (é,) 
in soil waters of pH up to approximately 
ten. Above this value, iron becomes in- 
creasingly more positive with increase of pH. 
(d). Carbon potential appears to be prac- 
tically independent of pH of soil waters at 
approximately +0.75 volt (¢;). 


3. The degree of polarization of these elec- 
trodes apparently shows the following rela- 
tionships to pH of soil electrolytes: 


(a). Lead is practically nonpolarizing at 
both extremes of pH with a possibility of 
increased polarization occurring between 
approximately pH 7 to 10. 

(b). Copper as an anode is nonpolarizing 
at low pH and rises to a peak in the region of 


pH 12. For copper as a cathode there also, 


appears to be a peak of high polarization at 
pH 12. 
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(D). 


(c). Iron as an anode polarizes little in soil 
waters of pH less than ten. Above this 
value, polarization is very marked. Asa 
cathode, iron appears to polarize increasingly 
with increase in pH. 

(d). Carbon appears to be practically non- 
polarizing at extremes of pH, with slight 
polarization occurring in the region approxi- 
mately pH 7 to 10. 
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OWER system designers and operat- 


ing engineers quite properly are con-— 


stantly endeavoring to improve the qual- 
ity of their services. Increases in con- 


nected capacity inevitably accentuate the 


demand for reducing both the frequency 


and the duration of interruptions in the 


flow of power. This is particularly true 
in the case of high-voltage lines which 


- form the “backbone” of all large systems. 
- Circuit-breaker-design engineers welcome 


_ their portion of this problem in the fulfill- 
ment of the requirement for circuit 
- breakers having higher interrupting rat- 


ings, shorter interrupting times, and fas- 


ter reclosing times. An outstanding ex- 
ample of this trend is found in the recent 
development and field testing of a 138-kv 
oil circuit breaker which had the following 
new requirements: 


1. An interrupting rating of 3,500 mega- 
volt-amperes. 


2. An interrupting time of three cycles, 


8. Areclosing time of less than 20 cycles. 


This paper discusses the important fea- 
tures of the interrupting contact and 
mechanism designs for such a breaker. 
It also covers a comparison of laboratory 
and field test results which prove the rat- 
ings assigned to the breaker. 


The Development Program - 


The development of the new breaker 
involved four major considerations: 


1. The type of interrupting contacts. 


2. The operating mechanism for the 
breaker. 


8. The breaker-mechanism linkage. 


4, Proof that the breaker in its over-all 
performance would meet the new require- 
ments. 


THE INTERRUPTING CONTACTS 


Multibreak interrupters for five-cycle 
breakers were developed some years ago 
and were subjected to exhaustive field 
tests at that time.!? These tests and 
subsequent operating experience have 
shown the current-interrupting character- 
istics of these interrupters to be so satis- 
factory that the new problem evidently 
was one of further development of this 
principle rather than one of new funda- 
mental research. 

This development resulted in the new 
multibreak interrupter for three-cycle 
tank-type breakers as shown in Figure 1. 
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Although the oil-blast principle es 
interruption was applied in the same ma: 


ner as with the original design, there was _ : 
a complete rearrangement of the contacts 


and enclosing structure. This gavé an 


improved flow of oil through the are path 


which substantially ‘shortened the arc 
lengths. E 
The interrupter consists of a heavy- 
walled Herkolite enclosing tube which 
houses two sets of contacts. Each set of 
contacts comprises a pressure-generating 
and an interrupting break. Pressure is 


_ created by the arcs as the contacts part, 


resulting in rapid interruption as the oil 
is forced through the port openings in the 
tube adjacent to the interrupting break. 
Arcing plates made of arc-resisting ma- 
terial are mounted on the stationary con- 
tacts at the pressure-generating side. 
These are arranged with a definite clear- 
ance to the moving contacts so that high- 
current arcs will transfer to them with a 
resultant decrease in length of the pres- 
sure-generating arcs and an improved con- 
trol of the pressure within the interrupter 
results. Earlier tests demonstrated that 
more than adequate oil-blast action was 
always present on higher currents. 
Therefore, the reduction in the length of 
the pressure-generating arc does not 
jeopardize good interrupting perform- 
ance. Light current-interrupting per- 
formance is not compromised since the 
arc initially starts from the main contact 
surfaces. The fact that satisfactory oil- 
blast action is available throughout the 
interrupting range is clearly demon- 
strated by the test results which are dis- 
cussed later. 

The enclosing tube is adequately se- 
cured to an adapter at the upper end, and 
it is secured to the support for the mov- 
ing-contact assembly at the lower end. 
The stationary contacts are mounted on 
the tube or bolted to the end supports. 
The moving contacts are assembled on an 
insulation rod which forms part of the 


Paper 45-45, recommended by the AIEE committee 
on protective devices for presentation at the AIEE 
winter technical meeting, New York, N. Y., January 
22-26, 1945. Manuscript submitted November 
28,1944; made available for printing December 21, 
1944, 


H. L. Byrp is managing engineer and E. B. Rretz 
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View of a cutaway 138-kv multi- 
break interrupter - 


Figure 1. 


The moving contacts are in the closed position 

and move downward when the breaker opens. 

Short-circuit currents are interrupted before 
the end of their travel 


Figure 2. Pole-unit assembly of 138-kv 
multibreak interrupters showing resistors and 
lightweight moving-blade contact 
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blade contact for a single-pole unit is 
shown in Figure 2. 


OPERATING MECHANISM FOR THE 
BREAKER 


The high-speed opening and reclosing 


5 requirements for this breaker necessitated 
an operating mechanism of the stored- 


energy type with performance not met 
by existing designs. High-speed opening 
could possibly have been obtained by the 
use of heavy opening springs and large 
trip currents with existing mechanisms, 
but this would be conducive to short life 
and excessive maintenance on both the 
operating mechanism and the breaker. 
To attain the required opening speed 
without encountering these difficulties, a 
new high-speed trip latch was developed 
for the pneumatic operating mechanism 
which already had proved adequate for 
high-speed reclosing. This mechanism 
with its simplified linkage, low energy 
consumption, and satisfactory operating 
record made it a logical selection. 

The operating mechanism is shown in 
Figure 3. It is of the pneumatically 
trip-free type. The construction of the 
power unit, compressed-air system, stor- 
age reservoir, and controls is essentially 
the same as described in a previous paper 
before the Institute.‘ All of these parts 
with the exception of the storage reservoir 
are assembled in a weatherproof housing 
which is mounted as an integral part on 
the front-pole-unit tank. The storage 
reservoir is mounted underneath and 
attached directly to the housing. For 
trip-free operations, so that there may be 
no delay in the opening of the breaker 
contacts, an auxiliary air connection is 
made to the top of the cylinder above the 
piston. This admits air above the piston 
on such an operation and speeds the re- 
versal of piston motion so that the breaker 
contacts are free to open as fast as on a 
normal opening operation. An emer- 
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Figure 3 (left). The pneumatic 
operating mechanism for a 
three-cycle breaker 


The unit is self-contained with 

its own air system and is 

mounted directly on the first- 
pole-unit tank 


gency air connection with suitable shutoff 
valves permits the use of an auxiliary air 
supply with a minimum of inconvenience. 

Figure 4 shows a close-up view of the 
high-speed trip latch. This consists of 
an armature attached directly to the trip 
shaft and held by a permanent magnet 
housed in -a magnetic frame while the 
breaker is closed. The mechanism link- 
age is arranged so that at all times when 
the breaker is closed there is a positive 


Figure 5. Pole-unit linkage of the three- 

cycle breaker showing relationship of parts, 

low-friction bearings (X), and provisions for 
decelerating moving parts at ends of stroke 


A—Stop 

B—Stop clearance 

C—Ffor travel-recorder connector 
D—Buffer 

E—Lever. 

F—Crank 

G—Link 

H—Beam 

!—Link rod 

J—Dashpot 
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Figure 4. Enlarged view of the high-speed 
trip on the three-cycle operating mechanism 


This reduces the breaker dead time 


force tending to pull the armature away 
from the face of the magnet. The trip 
impulse is applied to a coil built into the 
magnetic circuit. Flux from the coil can- 
cels the holding force of the permanent 
magnet by shifting its flux out of the 
armature circuit and the armature is re- 
leased. Therefore, there is a minimum of 
time between the trip impulse and the 
start of movement of the breaker. An 
exciting coil is used to supplement the 
magnet during the closing operation to 
prevent the possibility of jarring out from 
the shock of the closing operation. 


BREAKER MECHANISM LINKAGE 


The breaker pole-unit linkage is shown 
in Figure 5. All of the main fulcrum 
points are equipped with antifriction 
bearings and are marked X. These are 
used to reduce the breaker dead time after 
the operating mechanism is unlatched. 

Low-friction bearings throughout the 
breaker linkage give two advantages: 


1. The energy requirement for the operat- 
ing mechanism is reduced. 


2. Greater acceleration at the start of the 
opening stroke is produced without increas- 
ing the velocity during the arcing period. - 


The reduced friction losses permit the use 
of lighter opening springs, thus reducing 
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_ over the entire closing stroke. 
duces the forces on the linkage parts and 
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CURRENT INTERRUPTED KILO-AMPERES 
Figure 6. Interrupting performance of original 


138-kv multibreak interrupters showing arc 
duration in cycles at various currents 


Field tests made on triple-pole breaker at 138 
kv. Factory tests made on a single-pole- 
breaker unit at voltages of 110, 88, 66, 44, 
99, and 14.5 kv 


the energy required to charge these 
springs on closing as well as the energy 
This re- 


permits modifications to reduce the in- 
ertia of these parts, thus further acceler- 
ating the opening operation. 

With the conventional toggle arrange- 


“ment of the linkage to obtain increased 


mechanical advantage as the contacts 
engage, the low-friction bearings are of 
greatest advantage when the toggle is 
closed. Therefore, they give greater 
acceleration during the time that the con- 
tacts are parting. 


Proor OF PERFORMANCE 


Performance Demonstrated in Labora- 
tory Tests. It has long been evident 
that it would be difficult to provide test 
stations with short-circuit capacities 
equal to the ever increasing interrupting 
ratings of high-voltage circuit breakers. 
This has led to the development of em- 
pirical procedures for making tests with 
reduced power which experience indicates 
are fully adequate for design purposes. 
Laboratory tests at reduced power can be 
used to predict the performance of the 
breakers under full-power conditions 
when use is made of modern interrupting 
devices whose performance is consistent 
and predictable. A further requisite is 
that the interrupting principle employed 
must be subjected at some time to the 


- ultimate proof of performance in the form 


of complete field tests. In the laboratory 
procedure, tests first are made at rated 
voltage up to the capacity of the station. 
These tests are followed with those at 


rated interrupting current at reduced 


voltages. Previous test experience has 
indicated that the performance of these 
types of interrupting devices is largely 
dependent on the current in the arc. 
These principles of test procedure have 
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Figure 7. Interrupt. 
_ ing performance of 


during laboratory 


Tests made on a 


a 
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new 138-kv multi- 
break —_ interrupters 
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ARC DURATION IN CYCLES-607v ~ 


tests 


single interrupter at 
voltages of 66, 55, 
44, 29, and 14.5 kv 


been substantiated by years of labora- 
tory-test experience and by field tests. 
The 1937-38 Philo field tests on multi- 
break interrupters are a good example.? 
Figure 6 shows the results of those field 
tests as compared with the laboratory 
tests. The arc durations are in the same 
order of magnitude for like currents in 
both laboratory and field tests. 

_ A- summary of a complete series of 
laboratory tests made on the new inter- 
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Figure 8. Interrupting performance of new 
138-kv multibreak interrupters during labora- 
tory tests on high-speed reclosing, showing 
comparative performance of first and second 
interruptions of the duty cycle 


Tests made on a single interrupter at voltages 
of 66, 55, 29, and 14.5 kv 
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rupter is represented by Figures 7 and 8. ; 


Figure 7 shows interrupting tests made 
up to currents of 23,000 amperes. The 
arc durations are well within a limit of 1.5 
cycles except on the very low end of the 
current range. 
in conjunction with a contact parting 
time of 1.5 cycles for the operating 
mechanism. The arc durations for differ- 


ent voltages are of the same order of — 


magnitude, illustrating that the inter- 
rupter performance is not primarily de- 
pendent on applied test. voltage. 
sures were measured within the interrup- 
ter, and their values were well below the 
safe working strength of the structure. | 

Ultrahigh-speed-reclosing tests were 
made under identical conditions, and the 
performances on the first and second in- 
terruptions are shown by the plotted 
results in Figure 8. These show equiva- 
lent interrupting performances, based on 
substantially the same arc durations, and 
demonstrate that the interrupter always 
is left with a sufficient quantity of oil for 
adequate interruption on the second 
operation for such short reclosing times as 
20 cycles or less. 

Figure 9 shows the no-load operating 
tests on a triple-pole breaker including 
opening, closing, reclosing, and trip-free 


Figure 9. Time-travel curves of the three- 

cycle 20-cycle-reclosing breaker showing 

opening, closing, reclosing, and _ trip-free 
operations under no-load conditions 


This limit was established _ 


Pres- — 
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a Figure 10. Interrupting performance of three- 


cycle breaker on field tests showing breaker 
interrupting times at various duties 


operations. A contact parting time of 
1.4 cycles was obtained. The reclosing 
time of less than 20 cycles indicated an 
operating mechanism with adequate 
power to perform under load conditions. 

Performance Demonstrated in Field 
The final proof of performance 
was demonstrated during two series of 
field tests that were made at the Philo 
station of the Ohio Power Company on 
the weekends of July 22 and August 5, 
1944. This represented the largest con- 
centration of power ever made available 
for full-scale circuit-breaker testing. A 
full description of the test setup and test 
results is contained in a paper presented 
at the 1945 winter meeting by Philip 
Sporn and Harry P. St. Clair entitled 
“Field Tests and Performance of Heavy- 
Duty High-Speed 138-Kv Circuit Break- 
ers—Oil and Air-Blast.’’® 

The satisfactory results of these tests 
were predicted by the laboratory tests. 
Straight opening tests, CO-15 second—CO 
duty-cycle tests and high-speed-reclosing 
duty-cycle tests were handled without 
disturbance or signs of distress up to the 
limits of available short-circuit capacity. 
The breaker interrupting times are well 
below three cycles, except in several tests 
of the second series when one pole of the 
breaker slightly exceeded this time of in- 
terruption. A summary of these times is 
shown in Figure 10 which includes all 
phases. The reclosing times were less 
than 20 cycles, and on the highest duty 
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INTERRUPTED 


Figure 11.  Inter- 
tupting performance 
of 3,500-megavolt- 
ampere three-cycle | 
interrupters showing 
arc duration in cy- 
cles at various cur- 
rents 


Field tests made on 
triple-pole breaker 
at 139 kv. Factory 
tests made on single 
interrupter at volt- 
ages of 66, 55, 44, 
99, and 14.5 ky 
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there was satisfactory performance with a 
reclosing time of 151/2 cycles. 

A comparison of the breaker interrupt- 
ing performance on these full-scale field 
tests with its performance on laboratory 
tests is illustrated in Figure 11 which 
shows the arc durations from the field 
tests superimposed on arc durations of 
the laboratory tests. Because of the 
similarity of results, there is a direct con- 
firmation of the laboratory-test pro- 
cedure. 

The line-de-energizing tests demon- 
strated the same principle as laboratory 
tests had shown that only moderate over- 
voltages, up to 1.4 times normal, were 
present when interrupting lumped capaci- 
tances up to 10,000 kva on a single-pole 
unit. 


Conclusions 


1. The performance of the breaker in open- 
ing, closing, and reclosing on short circuits 
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approximating 3,500 megavolt-amperes un- 


der actual operating conditions justifies the 
assigned breaker ratings. oe 


2. The field-test results confirmed the test- _ 
ing laboratory procedures imperative to — 


circuit-breaker designers. 
3. Actual confirmation of laboratory-test 


results up to 3,500 megavolt-amperes ena- 


bles designers to build upon these founda- 
tions in the development of 5,000-megavolt- 
amperes breakers. Although the labora- 
tory-test interruption at 23,000 amperes in 
Figure 7 corresponds to approximately 
5,500 megavolt-amperes at 138 kv, it is fully 


recognized that the final design of a 5,000- — 


megavolt-ampere breaker would require 
further development but the present avail- 
able data give the assurance that such a 
breaker is practical and can be built when 
the need exists. . 
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_ M@PHERE has been an ‘increasing trend 
_ [i toward measuring insulation resist- 
ance of high-voltage machines and cables 
at or above their rated voltage by the use 
of direct current. The advantage of high 
voltage lies in its ability to detect leakage 
paths which do not occur at lower volt- 
ages.! D-c tests are advantageous be- 
cause of the elimination of capacitance- 
current effects. Since the resistances 


measured are usually quite high—of the 


order of megohms—if high-voltage alter- 
- nating current is used to test insulation, 
even small load capacitances offer imped- 
ances low enough to mask the insulation- 
resistance effect. 
- Considerable information on insulation 
resistance, dielectric absorption, and di- 
electric strength resulting from the use of 
high-voltage direct current has been ob- 
_ tained from large heavy rectifier sets 
- either permanently installed or mounted 
on atruck.? A ten-year study by Davis 
- and Leftwich? indicates that through the 
use of high-voltage d-c testing much 
knowledge can be gained concerning the 
cause of high-voltage generator insulation 
failures. They report that a majority of 
_ generator failures are traceable to me- 
chanical defects, many of which were de- 
_ tected and located before failure in serv- 
ice. Other investigations have explored 
the field with lower voltages of the order 
of 500 to 1,000 volts direct current.*:5 
The study of insulation resistance at 
high voltages has been restricted by the 
type of equipment available, which has 
involved transportation problems and has 
been very costly. There is considerable 
evidence that the availability of a port- 
able tester of suitable characteristics 
would greatly stimulate collection of such 
data throughout the industry. A suit- 
able portable instrument of rugged con- 
struction recently has been made possible 
by the development of a new cold-cathode 
rectifier tube. Because a cold-cathode 
tube requires no cathode heating power, 
it is well adapted to those applications. 
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New Cold-Cathode Rectifier Tube © 


Rectifier tubes.employed in this test 

_ instrument belong to a new family of high- 
voltage rectifiers which do not require 
heated cathodes.6 They are gas-filled 
diodes in which the cathodes are com- 
posed of an array of fine wire points. 


Figure 1 (above). Takktron type 60.8 high- 
voltage rectifier tube (cold-cathode) 
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cuits. { 


_ producing. up to 200 kv have been built. 


ara 


up to ten milliamy in half-wave cir- 
These tubes are part 

cascade voltage-mu | 
no filament-transf 


2m 


ble to reverse the hig! vo fag 
polarity merely by reversing each tube in 
its mounting. By use of such vo q 
multiplying circuits, practical power 


Even higher voltages are feasible. S 4 
high-voltage power units are character~ 
ized by light weight, compactness, and air 
insulation in the high-voltage portion of _ 
the unit. Small high-voltage trans~ 
formers are used since the maximum 
alternating voltage required is 30 kv rms. _ 

These tubes are not damaged if their H 
maximum inverse peak voltages are ex- _ 
ceeded. Under this condition soft dif- — 
fuse discharges take place between the 
cathode and the anode without damaging _ 
the tube or its characteristics. Complete 
short-circuiting of the output of this type 
of tube, or of a power unit employing the 
tube, likewise has no harmful effects, 
The absence of a hot cathode implies no 
deterioration during idle periods and the 
ability of the tube to start instantly upon 
the application of power. 

These desirable self-protective proper- 
ties are gained from the internal resistance 
of the tube. This resistance has little 
effect on the output-voltage regulation 
for load currents within the current rating 
of the tube. Beyond this value, how~ 
ever, the tube resistance becomes large 
enough to protect both the tube and the 
high-voltage transformer. This tube re~ 
sistance is also advantageous in that it 


a 


Figure 2. Voltage—current characteristics of 
Takktron type 60.8 tube 
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aids the filtering of the output voltage, 
and only small filter capacitances are 
needed for low-output ripple voltage. 

The Takktron type 60.8 rectifier tube 
shown in Figure 1 has a maximum inverse 


peak-voltage rating of 21 kv. Its direct 
output current and voltage character- 
istics for various alternating input volt- 
ages are shown in Figure 2. This tube is 
designed for a maximum output current 
of two milliamperes and at this current 
will provide a direct voltage of five kilo- 
volts. At ‘‘no load” the tube will deliver 
nine kilovolts direct current. 

The tube is air-cooled and is mounted 
in an insulating ring support by means of 
three rubber V blocks equally spaced 
around the periphery of the enlarged sec- 
tion of the envelope. The tube terminals 
and the terminal connectors are designed 
to be free of corona at the tube potentials. 

The physical dimensions of the Takk- 
tron type 60.8 tube are as follows: 


(a). Over-alllength.........-. 61/4 inches 
(b). Length of envelope........ 41/, inches 
(c). Maximum diameter of 

CUVGlODes fc oben ea 31/, inches 


Use in Testing Aircraft-Ignition 
Cable 


To assist in evaluating the performance 
of aircraft-ignition systems, the instru- 
ment shown in Figure 3 was developed to 
measure the insulation resistance of 
cables and other ignition parts such as 
magnetos, distributor blocks, heads, fin- 
gers, sleeves, and plates at or above their 
operating voltages. The range of the in- 
strument is 10 to 10,000 megohms meas- 
ured at any voltage between 2,500 and 
15,000 volts. The outside dimensions of 
the instrument are 10 by 11!/2 by 18*/2 
inches, and it weighs 31 pounds. 

An interior view shown in Figure 4 
illustrates the rugged construction of the 
unit. A schematic diagram is shown in 
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Panel 
view of aircraft-ignition- 
cable tester 


Figure 3 (left). 


Figure 5. The input to the high-voltage 
transformer is controlled by a variable 
autotransformer. The secondary voltage 
is fed into a.voltage-doubling circuit, 
which is filtered by a 15,000-volt 0.02- 
microfarad-output capacitor. An ad- 
justable spark gap is provided to prevent 
overstressing of component parts as well 
as to limit the output voltage. In series 
with the gap is a 10,000-ohm resistor to 
reduce high current surges during flash- 
over. The kilovoltmeter is connected 
across the high-voltage output of the 
rectifier. 

In series with the grounded terminal is 
a current instrument with 0-100- and 
0-500-microampere scales. A neon glow 
lamp is shunted across the current-instru- 
ment circuit in such a manner that leak- 
age currents in excess of either current 
range will cause it to flash. This also 
will occur when current pulses in excess of 
100 microamperes or 500 microamperes 
are of such short duration that the cur- 
rent-instrument pointer is not deflected 
because of its mechanical inertia. In 
addition the neon glow lamp serves to 
protect the sensitive current instrument 
against short-circuit currents encountered 
with faulty insulation. 

Two high-voltage output terminals are 
provided, one connected directly to the 
power supply and the other through a 
100-megohm series resistor. The output 
voltage of the directly connected terminal 
is indicated by the kilovoltmeter. Figure 
6 shows a typical voltage-regulation curve 
from no load to short-circuit current 
without adjustment of the voltage con- 
trol. Because of the tube characteristics 
the instrument is not damaged when this 
output terminal is short-circuited at full 
voltage. The “‘off-on” switch also may 
be operated under short-circuit conditions 
without harm. This terminal is espe- 
cially useful in both dielectric-absorption 
and dielectric-breakdown tests. Insula- 
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Figure 4. Interior view of tester illustrating 
ample clearances, rugged construction, and in- 
herent simplicity 


tion resistance in megohms may be deter- 
mined from the expression: 


Kilovolt reading X 1,000 
microamperes 


The value of the neon-lamp resistor may 
be neglected since it.is approximately 0.5 
megohm. 

The other high-voltage output ter- 
minal is used where it is desirable to limit 
the current in the test specimen. With 
the internal 100-megohm resistor the 
voltage across the test specimen is in- 
versely proportional to the leakage cur- 
rent. Figure 7 shows the voltage-regula- 
tion curve of this circuit. If the insula- 
tion is in perfect condition and therefore 
has low leakage current, the test voltage is 
approximately that indicated by the 
kilovoltmeter. Since aircraft-ignition 
harness usually is tested at voltages be- 
tween 10 and 12 kv, the instrtiment is 
calibrated in megohms in this voltage 


Figure 5. Circuit diagram of aircraft-ignition- 
cable testers 
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: Figure 6. Woltage-regulation curve of air- 
craft-ignition-cable tester when series resistor 
is not used 


Voltage adjustment unchanged 


tange. To determine the insulation re- 
sistance, the voltage is raised to the test 
value (indicated by a red dot on the volt- 
meter scale), the leakage current is noted, 
and the corresponding resistance is read 
on the calibration chart on the face of the 
instrument, Figure 8 shows a typical 
ae curve. For other test volt- 
es insulation resistance in megohms 
os be calculated from the expression: 


Kilovolt reading X1,000 
microamperes ~ 


SIO 


Since the rectifier tubes are not in the 
instrument circuit, it is not necessary to 
readjust these instruments when replacing 
tubes. 
The series resistance increases the per- 
sonal-safety to the operator, and for this 
. Teason instruments with this circuit only 
are recommended for use by airplane 
mechanies or others not familiar with 
high-voltage testing procedures. 
Where it is desired to operate the unit 
from a storage battery, a self-contained 
vibrator-inverter has been designed to 


Figure 7. Output voltage versus leakage current when series resistor 
is used 


IN MICROAMPERES 


Table |. 


tion or 0.4 mi 


Insulation Resistance of 350,000-Circular-Mil Three-Conductor Impregnated-Paper 
Compound-Filled Lead-Sheath Cable Rated at 15 Kv; 18,385 Feet (31/2 Miles) Long | 


machine. 


on curvés at 10, 000%, or € 
and for the entire machine. 


Testing Cable 


Insulation resistance ofa 350,000- circu- % 
lar-mil three-conductor impregnated- , 
paper compound-filled lead-sheath cable, 
rated at 15 kv, 18,385 feet long (31/2 
miles), was measured with the instrument 
shown in Figure 3. Test results were as f 
shownin TableI, — } 

: 
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TAKK Tester ' 


Voltage, (Current, Resistance, 
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* Nothing grounded. 


supply 110 volts alternating current from 
a 12- or 24-volt d-c source. Since no fila- 
ment power is required, the inverter and 
the battery drain are small. 


Exploratory Work in Industrial Field 


Although this instrument now is used 
ptimarily for testing aircraft-ignition 
cable, some exploratory work with it has 
been done in the industrial field to deter- 
mine test requirements there. Insulation- 
resistance and dielectric-absorption meas- 
urements have been made on sections of 
a 25,000-kva 6,900-volt-class vertical 
water-wheel generator. The winding-to- 


30,000 megohms, 


These and other tests indicate that for 
the industrial field other current-instru- 
ment ranges would be desirable. Possi- 
ble ranges might include a unit for meas- 
uring insulation resistance at 2,500, 
5,000, 10,000, and 15,000 volts with cur- 
rent ranges of 0-25 microamperes, 0-250 
microamperes, and 0-2,500 microamperes. 
This would result in a unit with an insu- 
lation-resistance range from one-half to 
Other portable testers 


Figure 8. Typical instrument-calibration 


curve of aircraft-ignition-cable tester when 
protective resistance is used 
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~ Standards and Insulation Gharacteristics 


_ of Oil- Insulated eanlorners 


Fd: VOGEL 


MEMBER AIEE 


HE STRENGTH of the insulation in 
transformers to resist various types 


of voltage stress is very important. The 


service and life of the transformer is par- 
tially dependent on the insulation 
strength, and in recognition of this fact 


_ standards for insulation strength long 
have been established. In the course of © 


time improvements have taken place in 
design, new applications have been 
created, and more has been learned about 
the nature of stresses which arise in serv- 
ice. Service conditions, too, probably 
will change in the future, which will re- 
quire changes in insulation requirements. 
Therefore it is natural that gradual 
changes in the standards, and additions to 
them, have taken place, with the result 


Paper 45-41, recommended by the AIEE committee 
on electric machinery for presentation at the 
New York, N. Y., 
January 22-26, 1945. Manuscript submitted 
October 18, 1944; made available for printing De- 
cember 27, 1944. 


F. J. Vocgt is professor of electrical engineering, 
Illinois Institute of Technology, Chicago, Ill. 


that sometimes they are not entirely con- 
sistent, It is desired in this paper to point 
out some inconsistencies and propose cer- 
tain changes in the standards which 
might be given consideration. 


Partial History of Insulation 
Requirements 


For the purpose of this paper, it is 
necessary to recall that at one time the 
standards required a test on the major 
insulation of two times the rated voltage 
plus 1,000 volts, and an induced test of 
two times the winding voltage, with 
minimum values specified. One of the 
additions to the standards arose from the 
electrification of railroads. Railroads use 
a grounded single-phase system, which 
led to the use of transformers with rela- 
tively little insulation on the grounded 
end. Without going into detail about the 
reasoning involved, only an induced test 
was used replacing both the applied test 
on the major insulation and the induced 
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have been developed for operation at 
60,000 and 100,000 volts at currents up 
to five milliamperes. 


Conclusion 


The TAKK d-c high-voltage insula- 
tion tester and insulation-resistance in- 
strument fills a need in the study of 
numerous types of electrical insulation. 
Limited experience indicates that it is 
useful in testing high-voltage cable, air- 
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Figure 9. Dielectric-absorption curves for a 
25,000-kva 6,900-volt water-wheel generator 
taken at 10,000 volts 
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craft-ignition systems, and high-voltage 
generating apparatus. It is the belief of 
the authors that there are many other 


applications in the electrical industry - 


where a device of this type will be found 
useful and economical. It is hoped that 
the availability of this device will encour- 
age the collection of considerable data on 
insulation testing and insulation resist- 
ance which will contribute to a better 
understanding of the subject and further 
developments in the art. 
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test on the winding insulation for this 
apparatus. The magnitude of the test 
was specified as 2.73 times the normal 
operating voltage to ground and was ex- 
tended to any transformer with one end 
of the winding grounded, such as trans- 
formers for three-phase service with 
grounded neutral. This procedure was — 


later abandoned and replaced by induced 


tests at specified levels; more nearly ap- — 
proaching an induced test of 3.46 times 
the voltage to neutral. i 
During the period from 1920 to 1930, 
the effects of lightning on transmission 
lines, particularly on transformers, be- — 
came of special interest to utility and. 
manufacturers’ engineers. In the early 
20’s when transformers were damaged, the | 
matter was dismissed on the basis that 
transformers were struck by lightning, an 
act of God, and that nothing could be done 
about it. The transformer designer used 
extra insulation between turns at the line 
end as dictated by experience and his own 
judgment. The major insulation of low- _ 
voltage transformers was in excess of that 
needed for the specified tests, partly be- 
cause it was not difficult to obtain more 
insulation and partly because experience 
showed it necessary. At the end of the 
20’s, some customers were specifying 
levels for-surge strength, requiring trans- 
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Figure 1 


From Figure 23 of reference 1 


formers to be stronger than specified 
lengths ofinsulator strings, gaps, bushings, 
and so forth. At that time, transformer 
designers generally did not have design 
information on the magnitude of service 
stresses nor knowledge of the strength of 
insulating materials to withstand them. 

In order to help clarify this situation 
impulse testing of transformers was 
started and levels were established, which 
were changed several times. It is of in- 
terest that these levels were lower than 
those specified in the late 20's, even 
though transformers actually were im- 
proved greatly in insulation strength in 
the early 30’s. 

In a period of such development, where 
levels often were based on what was ex- 
pedient at the time, it is to be expected 
that everything would not be exactly per- 
fect. When machines by one manufac- 
turer are being built with certain claimed 
design features, it is not always possible 
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From Figures 13 and 14 of reference 2 


to make changes in standards effective at 
once. This has been recognized more than 
once by making such changes effective at 
some later date. Sometimes levels deter- 
mined are not consistent and unnecessarily 
effect the design, and it is believed that 
this situation is partially the case today 
for transformers. In order to see if this 
condition exists, I believe the best pro- 
cedure would be to enumerate all of the 
service requirements and determine how 
much insulation would be required to meet 


them. 


Requirements for Transformer 
Insulation 


In the solution of any design problem — 


it is mecessary to determine the service 


~ requirements and use materials which will 


withstand them. In the case of trans- 


formers and other electric machinery, itis - 


of course the intent to specify tests which 


are above the expected service require- 
_ ments. 


This is to assure a margin of 
safety that will give good service and good 
quality of material. A comparison of ser- 
vice conditions and specified tests is useful 
both as a design criterion and in showing 
any inconsistencies that may exist. 

One of the service requirements for insu- 
lation is that it withstand the steady-state 
voltage to ground from all parts of the 
winding. In the case of three-phase 
transformers, this is 57.7 per cent of the 
line-to-line voltage at the terminals. 
Since the test required to indicate this 
strength is the one-minute test, a compari- 
son of the actual strength required, proba- 
ble one-minute 60-cycle strength, and the 
tests specified by the standards can be 
made (Table I). 


Table 1. Comparison of Normal Service Re- 
quirements With Standard Specifications for 


Insulation 
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Figure 3. Dielectric field of core-type trans- 
former with all coils at approximately line 
~ voltage 


I—100 per cent voltage 
|I—Practically 100 per cent voltage 


The equivalent one-minute 60-cycle 
strength is obtained from reference to 
Figures 1 and 2 taken from papers by 
Montsinger! and Vogel.2 The 60-cycle- 
test voltage equivalent to the high-fre- 
quency induced test also is obtained from 
Figures 1 and 2. 


Table I clearly shows that normal serv- — 


ice voltages would not require the pres- 
ent test levels. It also shows that the 
present 60-cycle applied- and 120-cycle 
induced-test levels are not equivalent. 

Another requirement is that trans- 
former insulation withstand line fault 
conditions. In the case of delta-connected 
transformers, one line could be grounded, 
giving full line voltage to ground. In the 
case of star-connected transformers, de- 
pending on line conditions, various volt- 
ages could exist. Such data, available 
in a paper by R. D. Evans and Sherwin 
H. Wright,* are required in the application 
of lightning arresters and often are calcu- 
lated for specific applications. In some 
cases, generator overspeed and other fac- 
tors enter into the problem. Usually, 
where further consideration to the ques- 
tion is not merited, it is considered that 
the maximum voltage from any line to 
ground may be equal to normal line-to- 
line voltage or slightly more on un- 
grounded neutral systems. On grounded 
systems, 80 per cent of normal line-to-line 
voltage is assumed as the maximum volt- 
age from any line to ground. On this 
basis, the comparison in Table II might 
be made. 

The reason for giving these tabulations 
is to show the big margins now available. 
It would seem that the major insulation is 
not stressed greatly under normal or fault 
conditions. Indeed these are not limiting 
features. This has been recognized by 
some operators, where willingness to use 
lower-than-standard voltage tests and in- 
sulation levels has béen expressed, pro- 
vided impulse protection was afforded. 

Another consideration is that of switch- 
ing surges and arcing grounds,‘5.§ giving 
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transformer an 
‘capacitance of the sy: 
cies of oscill tio 


rm volta 
_ will be obtained in the transfor: 


No standard test to simul: 
surges or even to verify the str 
transformers against these surges h: 
made commercially, although experime: 
have been conducted which determine the 
probable strength of transformers for 


switching surges. Very few, if any, 


transformer failures attributed to switch-— 


ing surges ever have occurred. Even 
those transformers built before 1930 with 


low levels of impulse-voltage strength 


have had few, if any, switching-surge fail- 
ures. Many of the transformers of the 
138-ky class had levels of 500-kv and less, 
instead of the 750-kv now standard. This 
fact confirms that the voltage distribution 
of switching surges in windings is fairly 
uniform as inferred previously. . 

The conclusions from the above are that 
transformers will withstand switching 
surges as limited by the lightning protec- 
tion used, since the voltage distribution in 
the windings approaches uniformity, and 
the impulse and switching surge strength 
of the transformer insulation to ground 
are approximately equal. 

The last factor to be considered is that 
of impulse or lightning surges. The im- 
pulse test levels now specified for trans- 
formers are intended to be values not ex- 
ceeded in service. , 

The test levels for impulse strength are 
standardized and for the 138-kv class are 
750 kv for a chopped wave of three- 
microseconds duration and 650 kv for a 
full wave. Several observers®:7® have 
determined the impulse ratio of oil-im- 
pregnated insulation as 2.1 or better. Ifa 
fair average be 2.1, the 60-cycle one- 
minute strength required for the major 


insulation would be 750//2X2.1- or 250 
kv rms. However, 275 kv is the specified 
strength. Since 750 kv is minimum and 
exact regulation on the impulse test is not 
easily possible, a test margin of 10 per 
cent, from 750 kv to 820 kv, is reasonable 
-and may be needed. 

In the case of the grounded neutral 


transformer, however, the margin is much ~ 


greater. From Table II, the equivalent 
60-cycle test for such transformers is 305 
kv instead of 275 kv. Therefore, the im- 
pulse strength of the major insulation, in 
the absence of other factors, would be 
305X V2 X2.1 or about 915 instead of the 
750 specified. 

However, such specified levels do not 
necessarily insure the ability of a trans- 
former to withstand all service conditions. 
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_ possible, some very high ov ges 
occur but for very short times. If the | 


if e mounted on 
lose to the terminals as 
high overvoltages can 


arrester be 25 or 30 feet from the ter- 


_ minals and the wave front is steep, an _ 
appreciable voltage reflection may take 
_ place at the bushing terminals. A trans- 
_ former will withstand such higher volt- 

ages if of short enough duration. For — 
example, typical oil-impregnated trans-_ 


former insulation can withstand 125 per 
cent of the three microsecond strength for 


one microsecond. No test is made to 
_ prove this fact for the transformer as a 
unit at the present time, although it is 
_ stated in the literature. tds 
_- If we summarize the above require- 


ments and tests, we see from Tables I and 
II that the applied 60-cycle dielectric 


_ tests and 120-cycle induced tests are far 


more severe than any steady 60-cycle 


fault or switching-surge voltage to be ex- 
pected in service for ordinary trans- 
' formers and might safely be reduced. We 


also see that the 120-cycle induced test of 
approximately 3.46 times the voltage to 


neutral for grounded-neutral transformers 


is more severe than the two times normal 
line voltage for transformers for un- 


_ grounded service, although probably the 


a 
a 


service is more severe, both for the major 
insulation and the winding insulation, for 


- transformers for ungrounded service. Ap- 


parently also we can dismiss the effect of 
switching surges, since, even if they were 
of the same magnitude as impulse test 
waves, they would be more uniformly dis- 
tributed through the winding. The ma- 
jor insulation for grounded-neutral trans- 
formers is higher than required to meet 
impulse tests. This is another incon- 
sistency in the present rules. Also, no 
test is specified to insure high impulse 
strengths for short times or for steep 
waves, even though such strength may be 
desirable and may be available. 
Since impulse levels determine the in- 
sulation provided for both grounded- 
neutral and ungrounded-neutral service, 
it would be interesting to see what com- 


- parison there would be between two ex- 


treme types of transformers built to the 
same impulse strength. 


Strength of Different Types of 
Transformer 


SHIELDED TRANSFORMER FOR 138-Kv 
SERVICE 


If we define a shielded transformer to be 
one in which the distribution of voltage in 
the dielectric field adjacent to the high- 
voltage-line coils is the same both for im- 
pulse voltages and 60-cycle voltages, then 
we can draw the following conclusions: 


1. The 60-cycle strength of the major insu- 
lation is in the order of 275 kv, which is 
greater than required for service. 


2. The strength against switching surges 
is ample. 
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Maximum One-Minute 60-Cycle 


60-Cycle 
Oe Ske Fault Stress to Fault Stress 
System Voltage to Ground to Ground 
138-kv ungrounded 
metals, seco out-onees NSB ky es aie 3 154 kv... 
138-kv grounded 
neutrals.ct.. coe VEO Wee cic kes 122 kv... 


3. Theimpulse strength for waves chopped 
after three microseconds is higher than test 
levels. 


4. The steep-front-wave voltage strength 
should be higher than the three-microsecond 
strength and at least 1.25 times that value. 


UNSHIELDED TRANSFORMER FOR 138-Kv 
SERVICE J 


Figures 3 and 4 show the coil arrange- 
ment for typical circular-coil-type trans- 
formers. The figures show only the outer 
part of the coils, and G represents the 
outer leg of the iron circuit and Y the top 
yoke. G could be either the outer leg of 
the core or an approximation to the ad- 
jacent winding stack. The figures are 
sections of the windings and show only the 
outside of the coils. There is a connection 
on the outer turn of the line coil to static 
plate and between the outer turns of coils 
3 and 4, 4 and 5, and so on. The inner 
turns of coils 1 and 2, 3 and 4, and so on 
are not shown. 

In Figure 4, a design has been chosen 
with less than three per cent of the wind- 
ing between the finishes of the line and 
second coil. Hence there would be about 
three per cent of the induced voltage be- 
tween coils on the induced test. Likewise 
on steep-wave-front tests we could have as 
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Figure 4. Dielectric field of core-type trans- 
former with extreme voltage concentration at 
line end 


I—100 per cent voltage 
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\II—25 per cent voltage 
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Strength—Equivalent One-Minute One-Minute 


much as 50 per cent of the surge voltage 
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Specified yae 

60-Cycle Test— ss 
60-Cycle 120-Cycle Equivalent to 120- 
Test, Applied Test,Induced Cycle Induced Test 


Specified 


ae 
a 


between these coils. In order for the — 
stress between coils to be 50 per cent of 
the total surge voltage, a poor distribution _ 
factor would be required. Thisfactorisa 
function of the capacitance of the entire _ 
column of coils to ground and the coil-to> 
coil capacitance along the stack. This 
poor factor was chosen to give an extreme 
condition. 

In Figure 4, A and B are corners of the 
static plate and line coil respectively and 
are connected together to form the line 
terminal. In order to determine the 
strength of such an assembly, and to deter- 
mine the clearance necessary, a study of 
the voltage gradients at A and B was | 
made. The conditions were that HY was 
4, H-H was 2, and A-B was 3/, inches, 
which are common proportions. The dis- 
tance from B to C, and the voltage from 
B to C are variable. In the first test, the 
gradients along AG and BG were kept - 
alike and the distance and voltage from - 
Bto C varied. The results of this test are 
as shown on Figure 5; also, one test was 
made where the distance a was kept at 
unity, the voltage varied, and the gradi- 
ents measured at both A and B. The re- 
sults are shown on Figure 6. The tests 
were made by placing electrodes in a water 
tray and measuring the voltage drop from 
the corners of the electrodes to a fixed 
radius. Vacuum-tube voltmeters were 
used. 

Figure 5 shows that, if a is four inches 
the same as HY, the stress at A and B 
would be alike with the same voltage 
across both HY and a. On the other 
hand, if the voltage at a is about 50 per 
cent of that across HY, a distance of 11/2 
inches would be required. Further, it was 
found that the actual strength to ground 
for all conditions of Figure 4 was some 93 
to 94 per cent of what it would be with a 
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Figure 5. Voltage between line coils for 
different coil-to-coil clearances and for equal 
gradients at static plate and line coil 
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Insulation Strength of Transformers—138-Ky Class has 


Fully 
Shielded Tisatemers 


Transformer 
for 60-Cycle 
Applied Test, 


Transformer 
for 120-Cycle 
Induced Test, 


_ Transformers I* 


Unshielded | hud 
Transformers Tse 


Unshielded 


Transformer Transformer Transformer Transformer 
for 120-Cycle for 60-Cycle for 120-Cycle for 60-Cycle 
Induced Test, Applied Test, Induced Test, Applied Test, 


_ Type of Stress Kilovolts Kilovolts Kilovolts Kilovolts Kilovolts Kilovolts 
60 cycles........ / 73802) rms). 275 rms .. 802 rms .. 275 rms .. 302rms .. 275 rms 
Full-wave im- ; ene? 

Pulsesa.ticserers 650-900 crest. .650-820 crest. .650-900 crest.. 820 crest.. <840crest.. <760 crest 

. Three-microsec- / 

ond impulse.... 900 crest.. 820 crest... 900 crest.. 820 crest.. <840crest.. <760 crest 
~ One-microsec- 3 ‘ 
ondimpulse.... 1,120 crest.. 1,020 crest.. <1,050 crest... <950 crest. . <1,050 crest. . <950 crest 


* Unshielded I has line coils with few turns so that the impulse penetrates into the winding when the front 


is 11/2 to 21/2 microseconds. 


** Unshielded II has line coils with turns so that the distribution for even 1!/2-mierosecond fronts is wholly 


due to the capacitance between coils and turns. 


uniform distribution as in Figure 3. In 
other words, if we had a uniform distri- 


bution, we would have animpulsestrength — 


of about 820 kv with a 275-kv 60-cycle 
one-minute test and,an impulse strength 
of about 760 kv for conditions similar to 
Figure 4. 

-In a previous paper,® the use of ‘form 
factors’ to estimate the strength of in- 
sulation arrangements in terms of a stand- 
ard arrangement was used. Therefore, 
the form factor is a measure of the rela- 
tive strength of the parts and without 
further consideration of exact values can 
be used to determine the relative strength 
of different parts of the winding. This 
form factor may vary when showing the 
relations of the stresses under 60-cycle and 
surge conditions in the same transformer. 
As an example of this, the form factors for 
the perfectly shielded transformer are the 
same for both 60-cycle and impulse 
stresses, and the stresses are relatively the 
same for both conditions. For the trans- 
former of Figure 4 and under conditions of 
60-cycle stress, the form factor would be 
0.93 and the highest stress at A. Under 
surge conditions, if similar to those shown 
in Figure 5, the form factor would be 0.87 
for steep wave fronts. 

From Figure 6, conditions could be even 
worse, since, if the stress from A to 
B is large, the stress at B increases rap- 
idly. For example, if the distance a 
is one inch and the stress across a is 70 
per cent of the voltage from H to Y or 
A to G, the form factor at B is 0.70 which 
shows that failure would occur at B and 
at a relatively low value. The form fac- 
tor for uniform distribution was 0.93 and 
is 0.70 for the condition given. From the 
results of this study, it is seen that the 
breakdown stress between coils is not a 
function of the voltage and distance alone 
but also of the major insulation and coil 
dimensions. The worst conditions, as de- 
scribed, might exist in the case of steep 
fronts, and good or even excellent condi- 
tions might exist for slow fronts. 

There is still one other point which must 
not be overlooked. Even were the form 
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factors the same at points A and B, 
if the strength of the insulating materials 
used is lower at B than A, the actual 
strength of the assembly under impulse 
conditions will be lowered. If we grant, 
however, that the insulation materials 
used at A and B are the same, we can 
determine the relative strengths of some 
typical transformers as shown in Table. 
III. 

In order to make the information in the 
Table III clear, let us consider the trans- 
formers designated as unshielded IT. 

The grounded-neutral transformer 
might be tested at 120 cycles for one min- 
ute at 275 kv or the equivalent of 302 kv, 
if tested at 60 cycles. Itsimpulse strength 
if the stress at both A and B were 


alike, would be 302 X/2 X2.1X0.87/0.93 
or 840 kv. Likewise, at one microsecond, 
the strength would be 1.25 times 840 kv or 
1,050. Actually values less than these 
are to be expected. 

This table is quite interesting in that it 
shows that the three-microsecond impulse 
tests and the 60-cycle or induced tests 
determine a sufficient level for major in- 
sulation strength. Also, if the three- 
microsecond value is specified, it does not 
necessarily determine the one-microsecond 
value, but, if an ample one-microsecond 
value were specified, it would determine 
not only the three-microsecond value but 
the 60-cycle strength as well. To see if 
this is true, let us study what would hap- 


FORM FACTORS 


Te) 1S 
PER CENT TOTAL VOLTAGE ACROSS a 
“a” CONSTANT AT 1 INCH 


20 30 40 5060 80 100 


Figure 6. Variation in gradient at static plate 
and line coil for constant clearance between 
line coils and varying voltage between coils 


I—Form factor at A 
lI—Form factor at B 
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ee “The inconsistency between the 


120-cycle and 60-cycle tests would be re- 
moved. The latter would be true also, if 
the three-microsecond values were speci- 
fied. S 

At the present time, 650 oe is specifi 
for the full-wave value. This is an inde- 
pendent and arbitrary value and deter- 
mines the winding strength in the middle 
and grounded end. 

‘Experience has shown that ability to. 
withstand the applied 60-cycle test or 120- 


cycle induced test is no proof of a trans- 
former’s ability to withstand impulse 


tests. Therefore, it would be desirable to 


apply impulse tests to all transformers asa — 


specified commercial test. It would be 
desirable to change the present tests, if 


any economies would result and if the 


testing procedure would be simplified. It 


is suggested that a three-microsecond, a — 
one-microsecond, or a steep-front impulse — 


test might be substituted for the present 
applied or induced tests. Since the full- 


wave test is necessary, it should be re-- 


at en he sncnecsuniatitaeiail 


eee 
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tained. Probably it would be desirable — 


also to retain a two times induced test as a 
last test for all transformer windings. If 


the one-microsecond test at the correct _ 


level were used, it would ensure the three- 
microsecond value without making an- 
other test. 

Incidentally, it is believed that very 
few failures are caused by 60-cycle or in- 
duced test at the factory, and practically 
all insulation troubles are found on either 
the steep-front or full-wave tests. Prac- 


tically no failures are found on the three- — : 


microsecond chopped test. 


Conclusions 


It has been shown that an adequate one- 
microsecond or steep-wave-front strength 
of transformers also ensures both an ade- 
quate value of three-microsecond strength 
and 60-cycle strength, and avoids incon- 
sistencies existing at the present time. 
It should, therefore, be possible to sub- 
stitute impulse tests on transformers giv- 
ing either a one-microsecond or three- 
microsecond value for the present 60- 


-cycle applied or the high-frequency in- 


duced tests. 

The present full-wave values still should 
be specified to ensure adequate strength 
against this type of surge. As further 
insurance, it is suggested that all over- 
potential tests at low frequencies should 
not be abandoned, and that a test of two 
times normal voltage be induced in all 
transformers. It is suggested that the 
tests recommended here be studied by the 
AIEE transformer subcommittee with a 
view to changing the present standards. 
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TUDIES of the causes and mechanism 
of the failure of impregnated-paper 
insulation are commonly obscured by the 


_ burning due to the final complete break- 


down. Ina number of years of study of 
the more accessible properties of impreg- 


_nated paper and their relation to stability 


and breakdown, constant attention has 
been given to the restriction of this burning 
and a nearer view of the beginnings of 
failure. Simple fuses and even rapid cir- 
cuit breakers in the primary circuit of the 
testing transformer are of no avail. 
Some improvement is obtained by the use 
of a thyratron in the grounded lead of the 
sample with suitable connection to a 
rapid circuit breaker in the primary. 
But by far the best results, and indeed 
very complete success, have been reached 
by a method for detecting the first occur- 
rence of Saseous ionization within the 
test specimen. This method is a de- 
velopment of the pioneer work of Paine? 
and the subsequent applications of Arman 
and Starr and of Whitehead and Shaw,? 
using resonance methods for following the 
oscillations which arise in the ionization 
of gas spaces in the insulation wall. New 
features which have been added are in- 
creased sensitivity, improved balancing 
of the Schering bridge for the frequency of 
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maximum oscillations, the use of greater 
amplification, and a sensitive recording 
instrument for registering the first occur- 
rence of internal ionization. The com- 
plete setup, as described in this paper, is 
called the ‘ionization recorder.”’ With 
this instrument it is possible to detect the 
beginnings of failure in a completely im- 
pregnated specimen initially free of gas 
spaces or voids, often to within one layer 
of the impregnated structure, and also to 
follow its growth, with interruption at 
any desired stage on the way to complete 
breakdown. So far, the instrument has 
been applied only to the study of the in- 
fluence of paper density on dielectric 
strength and stability, and the compara- 
tive behavior of two types of paper and 
two types of oil. From the results it 
will be seen that a very intimate picture 
of breakdown and its causes is presented. 


Purpose 


Earlier studies*:* on paper density 
showed clearly that for four papers rang- 
ing in specific gravity from 0.74 to 1.18, 
and for two oils, one light and oné heavy, 
there is for each oil a pronounced de- 
crease in dielectric strength with increas- 
ing paper density. A sound rational 
explanation of this result is found in much 
evidence that failures begin in the oil 
channels, and in the fact that the stress in 
these channels increases with increasing 
paper density due to the differences in the 
values of dielectric constant in paper and 
in oil. 

Notwithstanding these clear-cut ex- 
perimental results, many cable engineers 
state that experience has shown that the 
use of high-density paper in certain high- 
voltage cables increases dielectric 
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strength. However, there is little or no — 


published evidence in support of this 
view, except perhaps as regards break- 


. down tests of impulse type, and even in 


that case the picture is not clear.® 


In possible explanation of this conflict 


of evidence it should be noted that in our 
specimens no gas pockets or bubbles are 


present, and in other respects they re-— 


semble the insulation of oil-filled cables 
far more closely than that of the solid 
cable. As a consequence no gaseous 
ionization is present in our tests, and 
breakdown stresses are well above those 
encountered in cable practice. 
In the earlier studies referred to*.4 an 


accelerated step-voltage test was used, 
the specimens being immersed in the oil 


under study at a constant temperature of 
40 degrees centigrade. 
curred after two to four days at stresses 
up to 900 volts per mil. The chief pur- 
pose of the tests now reported has been to 
check the results of the earlier relatively 
long-time step-voltage tests, with others 
in which high stress is applied rapidly 
(two: minutes) with resulting breakdown 
in afew minutes, thereby greatly reducing 
the influence of time as a possible factor 
in the earlier studies. For this purpose 
it was deemed sufficient to use only two 
grades of paper, namely, grades B and D 
of the earlier work. : 

Other results of interest are the stress— 
time curves of each paper impregnated 
with each oil, for short ranges in the 
neighborhood of breakdown; noticeable 
differences in two lots of supposedly 
identical paper from the same manufac- 
turer; and further observations on the 
causes and mechanism of failure, based on 
careful dissection and oil extraction of 
numerous specimens suffering partial 


failure at various stages up to complete — 


breakdown. 


Test Specimens and Materials 


The test specimens consisted of 16 
layers of five-mil cable paper one inch 
wide, spiralled cable fashion on a smooth 
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The ionization recorder 
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brass tube, one inch diameter, 48 inches 

long, with 331/3; per cent overlap and 
nominal 3/g-inch channel width. The 
—lead-foil central electrode (16.5 inches 
long) was flanked by overlapping guard 
electrodes extending halfway up the 
- narrow-angle reinforcing end cones.® 

The paper was furnished by a well- 
known manufacturer in two values of 
density; nominal values of specific grav- 
ity were: type B paper, 0.86; type D 
- paper, 1.10. 

Two oils were studied; one (5314) was 
a thin oil as used in oil-filled cables, hav- 
ing values of viscosity at 40, 60, and 100 
degrees centigrade of 17, 8.2, and 3 centi- 

poises, respectively, while the other (5317) 
was a heavier oil as used in solid cables, 

having values of viscosity at 40, 60, and 
' 100 degrees centigrade of 480, 120, and 
18.3 centipoises, respectively. 

In general from three to nine identical 
specimens were tested for each combina- 
tion of paper and oil, or for other variables 
studied. 

For other details of the experimental 
equipment, methods of drying, impregna- 
tion, temperature control, and electrical 
measurements, the earlier papers* may be 
consulted. 


The Measuring Equipment 


SCHERING BRIDGE 


This bridge of unsymmetrical type, and 
completely screened, has been described 
in earlier papers.’ Power factor and 
capacitance at 60 cycles were measured 
up to 52,000 volts, giving an average 
stress in the specimen up to 650 effective 
volts per mil of thickness. The power- 
factor sensitivity was of the order 10~‘ to 
10-5. During the short-time tests the 
maximum stress on a specimen was 725 
volts per mil. 


THE IONIZATION RECORDER 


The essential elements of the ionization 
recorder are shown in Figure 1 and are as 
follows: 


(a). The modified Schering bridge with 
test specimen in place. 


(0). 


A bridge output transformer with 
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electrostatic shield between primary and 
secondary, and with both windings balanced 
as to capacitance to ground, permitting the 
grounding of one terminal of the secondary 
coil without upset of the symmetry of the 
bridge circuit. 


(c). An attenuator and a high-pass filter, 
whose characteristics are shown in Figure 2, 
matches as to impedance with the bridge 
transformer. 


(d). 
(e). 
(f). A d-c recording milliammeter giving 
full-scale deflection for one milliampere, 


connected across the output terminals of the 
vacuum-tube voltmeter. 


A three-stage vacuum-tube amplifier. 
A bridge-type vacuum-tube voltmeter. 


With the recorder connected, a speci- 


men in place in the bridge, and a stress of 


400 volts per mil applied, a small reading 
was found on the recorder. Its magni- 
tude, from one to three per cent of the 
maximum reading encountered in the 
tests, showed no appreciable variation 
within the range of stresses used. With 
the specimen replaced by an air capacitor 
the small reading was still present and 
was found due to minute discharge points 
on the disconnecting switches and other 
parts of the high-voltage circuit. Since 
these discharges could not be eradicated 
completely, all recorder readings are 
based on this zero disturbance as datum 
line. Further, they were found useful for 
balancing the bridge, obviating the 
necessity of an auxiliary discharge gap for 
this purpose. 

As shown in Figure 2 the filter effec- 
tively cuts out all frequencies below 3,000 
cycles. The complete recorder circuit 
was found to be most sensitive in the 
region of 9,000 cycles. This is within the 
range of dominant frequencies of the gase- 
ous discharge in cable insulation as found 
by Bennett, Paine,! and others. Thus the 
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Paper D and oil 5317 2 
at 600 volts per mil 
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The initial sensitivity of ieee ; 
was also measured in terms of t 
discharge over a small air gap between 
plane surfaces. The gaps consisted o 
thin sheets of mica or lead foil with circu- 


lar holes cut in them, mounted between — 
The gap was placed — 
in parallel with an air capacitor, in place — 


thin sheets of glass. 


of the test specimen in the bridge circuit. 


On raising the voltage, visual discharge of 
the gap takes place at a sharply marked 


voltage, and with an immediate reading 
on the recorder. 


for three sizes of gap. From these simple 
data it appears that the recorder gives a 
response of about 0.8 to 0.9 division per 
square centimeter area of a 0.2-milli- 
meter gap, and that the response is 
roughly -proportional to the area of the 


gap. 
Experimental Results 


InrT1AL GASEOUS IONIZATION 


In using the ionization recorder for the 


study of breakdown in impregnated paper . 


the approach to failure is usually seen to 
be divided into three well-defined stages. 
The first is a slow (one minute) rise of the 
trace of the needle above the zero line. 
This indicates the beginning and slow 
growth of a spot of internal ionization, 
It is best observed at from 50 to 100 volts 
per mil below the maximum rapid break- 
down value. With no further increase of 
stress the record flattens out into a second 
stage of constant value of internal ioniza- 
tion which may continue for hours, indi- 
cating a temporarily stable condition. 
However, something progressive is obvi- 
ously taking place, for there comes a time 
when with no further increase in stress the 
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Figure 4. 


lonization ionization-time records. Table MI gives a 

_ curveshowingthenearly the results of nine tests on D paper im- 
uniform rate of increase pregnated with the heavier oil. Table i 
of ionization with time IV gives the average values for all tests — ef 
at very high stress" on both papers and both oils. The 


Paper E and oil 5314 curves of Figures 5 and 6 are plotted $ 
at B00 volts per mill from the values in Table IV. 3 

‘. The sequence of observations was as 

follows: Onswitch closure a stress of 100 # 

volts per mil was applied immediately, 

and then increased uniformly so as to ~ 


reach the test value within two minutes. -_ 
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record begins another rise which ulti- 


mately leads to breakdown, sometimes 
within a few minutes or even seconds. 


The boring action of the ionization has 
advanced so far that equilibrium is upset, 


and cumulative increase of stress on the 
still-undamaged portion of the insulating 


- wall sets in. Figure 3 shows three good 
» examples of the three stages, taken at 600 


earlier lots, and on the same specifica- 


tions. They agreed closely, in both 
density and thickness with the earlier 
papers, but certain differences were 
noticed in handling and assembling, 
principally in the matters of springiness 
or stiffness. Both the new papers were 
tested therefore with the same program of 
accelerated step tests as the old, using 


The ionization recorder was then cut in 
and its record followed, noting the condi- _ 
tion of the specimen as regards the volume 

of internal ionization, and the successive 


stages marking the approach to failure.- _ 


Immediate approach to failure is indi- 
cated by a rapid rise of the ionization rec- — 
ord in the third stage of the curve of 
Figure 3. Most of the tests were inter- 
rupted a few seconds before complete — 
puncture to avoid burning and to obtain a 
“‘partial” failure, yielding a much clearer 
picture on subsequent dissection of the 


volts per mil on three identical specimens 5314 oil. The results of these check specimen. 

of D paper and oil 5317. Although there _ tests on six specimens of the new B paper The curves of Figures 5 and 6 show 
- is some spread in shape and values the and three of the new D paper are given in that the influence of paper density re- 
3 three stages are clearly seen in each case. Table II. Comparison with the earlier ported in the earlier paper,* using a 

_ The duration of each stage is shortened _ tests shows that the earlier B paper had voltage step test, is confirmed by the 

_ rapidly with increase of applied stress. an average maximum-life stress of 713 present short-time tests, namely, break- 
= As the rapidly applied (two minutes from volts per mil, and the later B paper 652 down stress and life are lower for the 
100 volts per mil to full value) stress is volts per mil, that is, the former 61 volts denser paper. ; If the two curves for the 
increased, stages 1 and 2 disappear, per mil or 9.3 percent the better. There B paper are raised by 60 volts per mil to 
ionization begins at once, and failure was no appreciable difference in the re- correct for its difference with the old B 
follows soon in stage 3. Figure 4 shows sults on the two lots of D paper. paper, the amount of the lowering is seen 
such a case, E paper,? 5314 oil, 800 volts to be closely the same as in the earlier 
e. per mil. This type of record is chiefly INFLUENCE OF PAPER DENSITY . work. In the case of the 5314 oil the 
of interest as showing that even short- The approximate breakdown value of amount of lowering is practically the 
time failures are progressive with rapidly each type of present specimen was known Same for the lower stresses and longer 
_ increasing volume of internal ionization. from the earlier step tests, and from pre- times, becoming somewhat less as the test 
_ Thus for shorter and shorter duration of liminary ionization-record tests. How- stress 1S raised. Using 5317. oil the 
stress application, and ultimately impulse ever, in order to lessen the uncertainty amount of lowering is more or less uni- 
. test, higher and higher values of stressare caused by the inherent spread of observed form at the value found in the earlier 


v 18 ’ 


indicated for complete penetration over 
the ionization path. 

If complete breakdown is allowed to 
occur the recorder needle goes off scale 
and the transformer primary circuit is 
interrupted by the thyratron circuit. In 
this case there is considerable burning 
in the- path of the failure, although the 


short-time intervals, it was decided to 
extend the range of observations over 
several values of stress in the neighbor- 
hood of the nominal maximum breakdown 
value. In this way breakdown stress— 
time curves are obtained with clearer 
pictures of the differences, if any, in the 
behavior of the two papers as the time 


work, except perhaps for the highest 

stresses where there is some indication 

that the curves may approach each other 

at still higher stresses. 

Table II]. Comparison of Old and New B and 
D Papers 


thyratron usually interrupts before com- of application of breakdown stress be- eee specie bla idea a Bt 
plete puncture has taken place. The comes shorterand shorter. Consequently, “4 
—  jonization recorder, however, provides at breakdown tests were made on each paper 

seit Old B O.83ees eee ZS aetna ees 75.5 
once an indication of approach to break- impregnated with each oil, at three values New B.....10.86.........-- Eadie ae 63.6 
down and the circuit may be opened at of stress, with results as indicated in Old D...... Ee Ace eign’ B73. seer a 48.9 
any stage. In this way partial failures Figures 5 and 6, and with accompanying New D...... ES LOT ateeeee SOSH es... eaters 47.0 

_ only are allowed to occur, and the growth . 


of the internal gaseous ionization and its 


| attack on the oil-paper structure may be = 
: closely followed by subsequent examina- = 
: tion of the specimens. In most cases the a 
b failures extend through from four to six Figure 5. Variation of ? 
layers, but many instances in which only fife and time to start 3 
- one or two layers are involved have been ionization 9 
encountered. Papers B and D impreg- ‘i 
New B anp D Papers nated with oil 5314 Y 
It was necessary to obtain new lots of 1—Life a 
both B and D papers; they were fur- 2—Time tostartioniza ® 9 20 40 60 80 100 (20 140 160 180 


nished by the same manufacturer as the 
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Power Facror 

The increase of power factor with in- 
creasing paper density noted in the earlier 
_ work is also found in the present tests. 
Of particular interest are the observations 
of power factor (measured at 300 volts per 
mil) before and during the course of the 
tests which show that the effects of fore- 
going ionization have little effect in in- 
creasing power factor until well into the 
neighborhood of failure. 
which the ionization stress was 600 volts 
- per mil, the power factor over the range 
~ 200 to 500 volts per mil was substantially 
~ constant at 0.0032; after 75 minutes at 
_ 600 volts per mil and very copious ioniza- 

tion for 7.5 minutes and breakdown 
imminent, the power factor was found to 
' be 0.0041. In another step-voltage test 
the power factor at 400 volts per mil was 
0.00449; after 28 hours at 482 volts per 
mil the value was 0.00430; after 39 hours 
at 529 volts per mil the value was 0.00510. 
The specimen failed at 529 volts per mil 
-and 39.43 hours; a power factor reading 
was taken two minutes before failure, 
with value 0.00685. Thus even in the 
neighborhood of failure the value of power 
factor remains very low. The deterio- 
ration due to ionization in the approaching 
failure must be confined to very small 
* volumes of insulation and ionized gas. 


Post-MorTEM EXAMINATIONS 


In a foregoing paper‘ the results of the 
examinations of 117 cases of failure were 
reported, with very clear evidence that 
initial failure usually occurs in oil chan- 
nels or films. Similar evidence has been 
found in the post-mortem examinations of 
65 failures in the present work. Of 
special interest are 6 incipient failures, 
involving only one or two layers, and 
reaching neither electrode, or only show- 
ing wax on paper edges of oil channels. 
In all these cases ionization as indicated 
on the recorder was well advanced before 
interruption of the test. 

The important facts about the failures 
are: 


(a). Of the 54 punctures reaching an elec- 
trode, 88 per cent terminated in an oil chan- 
nel, 79 per cent of these at the central brass 
conductor, 


(b). Microscopic examination of many 
burned areas disclosed the presence of re- 
movable carbonized oil particles on and 
among the paper fibers, with scorching of the 
fiberstonly at the edge of the puncture. 


(c). In numerous cases examined by the 
magenta-dye test, wax was always present 
at the puncture and particularly along the 
edges of the tapes in the region of the burn, 
where the outline of the channel of one layer 
was clearly marked on an adjacent tape. 
The presence of wax in specimens where no 
tape burning was found is worthy of note. 


(d). The facts that 88 per cent of the fail- 
ures terminated in oil channels, that carbon- 
ized oil was deposited on the paper fibers, 
and that oil channels were often clearly out- 
lined by wax on adjacent tapes point to the 
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‘beginning of ee Se in ‘the oil 
than i in the paper fibers. 


Srress-LiFE Curves 


When the average values of life f for all 
combinations of paper and oil are plotted 


against the values of stress on logarithmic 


co-ordinates, the straight line of Figure 7 


results, indicating an inverse 12th-power ly to dissociation, or other type 


stress-life variation in the range of 
stresses studied. 


The Mechanism of Breakdown 


The certainty that initial failure usually 
occurs in the oil channels greatly facili- 
tates the drawing of the picture of the 
mechanism of complete failure. The 
properties of insulating liquids, and 
especially of petroleum oils, have been 
widely studied and their behavior under 
various conditions of electric stress, pres- 
sure, and temperature, are well known. 
For our present purpose we need only in- 
voke three conspicuous properties of 
insulating oils, namely: 


1. Electrical conductivity and the d-c volt- 
ampere curve. 

2. Space charge accumulation and its in- 
fluence on potential gradient. 


8. The influence of pressure and of tem- 
perature. ‘ 


Tur VoLT—-AMPERE CURVES OF OILS 


There are illustrated in Figure 8 volt— 
ampere curves (a) for a high-grade insu- 
lating oil, (b) for the same oil carefully 
purified, and (c) the effect of successive 


redistillations in a closed system. Obvi-. 


ously the regions of rapid current increase 
are due to secondary ionization in the oil, 
that is, a progressive liberation of more 
free liquid ions. In the purest states the 
curves are identical in shape with the 
corresponding curves for a gas (although 
the ranges of values are different), and as 
in gases so in liquids the upturn of the 
curve is due to ionization by collision of 
electrons with neutral atoms and mole- 
cules of the oil. Cable oils, especially 
after contact with the paper and copper, 
have rather the characteristics of type (a) 
than of types (b) and (c);. unless redis- 


Table Ill. 


i s per 
pure oils, the current curve egins 
at even lower values of stress, du 


separation. Above the saturation region 
in the purest oils the current rises as an 
exponential function of the voltage. A 
an extreme example, in toluol with an in- 


crease in potential gradient from 300 to — 
1,000 volts per mil the current increases — 


20,000 times. In the less pure oil of type 
(a), ionization is well under way at 250 
volts per mil and the current has already a 


relatively high value and increases four — 


times as the stress rises from 250 to 300 
volts per mil. 
_ The ions of the saturation region are 


most commonly due to residual dissoci- — 
These are increased by — 


ated impurities. 
contact with other materials, for example, 


paper and copperintheimpregnation proc- 
ess, thus accounting for a change of the — 


oil to type (a). The upturn of the cur- 
rent curve is due to collision of electrons 
liberated in the oil and at the electrodes, 
and moving with high velocities, with the 
neutral atoms and molecules of the oil, 
thereby causing a cumulative increase in 
the number of ions of both signs. 


SPACE CHARGES 


The accumulation of space charges near 
the electrodes in a gas at low pressure in 
which electrons are being liberated is 
well understood. A similar phenomenon 
takes place in a liquid under high electric 
stress. However, the mass of the liquid 
ion is so great and its specific velocity so 
small, that it appears more likely that the 
well-known accumulation of ions, and 
consequent high potential gradients at 
the electrodes of an insulating oil are due 
to clouds of ions surrounded by neutral 
molecules, and unable to escape to the 
electrodes.® As the stress or temperature 
rises, more and more of these ions are 
liberated from the enveloping neutral 
molecules, with corresponding contribu- 
tions to the increase in current. 


D Set 5317 Oil 
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Under alternating stresses below say 
200 volts per mil, in the oil channels of 
impregnated paper, these space-charge 
layers oscillate back and forth with the 
frequency of the applied stress. At very 
low stress the amplitudes of oscillation are 
small. With increasing stress the ampli- 
~~ tudes increase, until ultimately some of the 
- ions reach the boundary of the channel. 
- Motion is arrested, and space charges 
accumulate, with increase of potential 
- gradient over the oil-paper interface. 
_ The velocities of ions in cable oils at 20 
to 30 degrees centigrade are of the order 
~ 10-4 centimeter per second per volt per 
centimeter; at the stresses here in ques- 
tion the velocities are quite high enough 
- to permit practically complete passage of 
the ions back and forth over the whole 
thickness of the channel, in one 60-cycle 
period. In the lower range of stress this 
oscillating motion of space charges causes 
- the component of loss due to the oil and 
contributes to the measured values of 
capacitance and power factor as already 
described in earlier papers.4:* The in- 
crease of stress at the surface of separa- 
tion of oil and paper is not yet high enough 
to cause breakdown of the oil. As the 
stress increases further the number of free 
- ions in the oil increases rapidly, due to 
internal ionization. Thus, the volume of 
_ space charge increases and the local stress 
at the interface between oil and paper 
rises rapidly to values far above the over- 
~ all average measured values, and initial 
gas formation and gaseous ionization 
occur, leading on to breakdown in a short 
time. 


PRESSURE AND TEMPERATURE 


Over a wide range of pressure above 
and below atmospheric value, the volt- 
ampere characteristic of the oil is not 
| affected in either position or shape. 
However, with decrease of pressure below 
atmospheric, breakdown occurs at lower 
and lower voltages and for very low pres- 
sures may take place in the saturation re- 
gion of an oil of type (b). Increase of 
temperature causes an exponential in- 
crease of the value of the saturation cur- 
rent, and corresponding increases in the 
: ordinates of the curve above the satura- 
| tion region; the curve retains its shape 
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but moves upward in exponential relation 
to the temperature increase. These rela- 


tions are in accord with the theory of © 


secondary ionization in liquids.’ As re- 
lated to the present problem, it may be 
noted that in a certain cable oil under 
constant value of stress, an increase in the 
temperature from 15 to 83 degrees centi- 
grade causes the current to increase 40 
times, and for a temperature of 102 de- 
grees centigrade, 150 times. Increase of 
temperature decreases viscosity and in- 
creases ionic velocities and current. Up 
to about 50 degrees centigrade the prod- 
uct of conductivity and viscosity is 
approximately constant, indicating that 
the “‘free-ion content’’ of the oil is con- 
stant... At higher temperatures further 
dissociation sets in with large increases 
in the number of free ions, current, and 
loss. 


IONIZATION, SPACE CHARGE, AND POWER 
FACTOR 


The normal power factor—stress curves*® 
of Figure 9 may be explained somewhat 
as follows: The in-phase component of 
the current is due principally to the 
motion of ionic charges through the mass 
of the oil, and this motion causes an 
energy loss due to friction. The magni- 
tudes of current and-loss are thus very 
sensitive to the number of ions present, 
to their specific velocities (mobilities), 
and to the applied stress. In the initial 
or low-stress regions of the curves the 
first stirrings of oscillatory motion of the 
sluggish ions begins. With increasing 
stress excursions are longer, more ions 
begin to move, and the ionic current in- 
creases faster than the capacitance- 
charging current; the power factor rises. 
With increase of temperature, the same 


sequence occurs, but the power factor » 


rises more rapidly and to higher values 
due to the thermal increase in the number 
of dissociated ions. 

In the lower range of temperatures and 
for stresses between say 30 and 300 volts 
per mil the power factor—stress curves are 
flat. This is the region in which all of 
the liquid ions have been set in motion. 
Their excursions (with frictional loss) 
are unrestricted, and like the charging 
component of the current, are propor- 
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tional to the stress; the power factor re- 


mains constant. These conditions obtain 


over the range 20 to 50 or 60 degrees ~ 
centigrade, though the constant value of - 


4 


power factor increases with the tempera-_ 


ture owing to the increase in the number 
of free ions. 7 


With further increase of temperature 


the power factor maxima at low stresses 


appear. The increasing maxima are due _ 


to the thermal increase in the number of 
dissociated free ions. But the increase of 
temperature also causes a decrease in 


viscosity; ionic mobilities increase, and — 


with increasing stress ionic oscillations 
reach the paper barriers of the oil spaces. 
Thus ionic motion is restricted, the loss 
component of current no longer increases 
linearly with stress; 
component maintains its linear increase; 
the power factor decreases with increasing 
stress. 

At stresses beyond say 300 volts per mil 
all these curves again enter regions of 
power factor increase at first gradual and 
then more rapid. This increase is caused 
by the rise in conductivity of the oil due 
to ionization by collision attendant upon 
the increase of stress. Ultimately these 


increases lead on to breakdown, space 


charge playing its part in increasing the 
internal oil stress as described above. ~ 
Original differences in oil power factor 
are also reflected in the constant-power- 
factor values of the impregnated insula- 
tion; but a lower oil power factor does 
not necessarily lead to a higher break- 
down strength. Oil power factor is 
usually measured at low stress (say 25 
volts per mil), and is due to the original 
free ion content and conductance of the 
oil. In the higher range of stress toward 
breakdown, however, the conductance of 
the oil is enormously increased by sec- 
ondary ionization, rising to hundreds or 
even thousands of times the low stress 
value. The original difference is negli- 
gible in the greatly increased values of 
each. Aside from certain inherent prop- 
erties of the oil itself, breakdown is 
largely dependent on space charge forma- 


tion, in its turn related to the total num-" 


ber of mobile ions present. Conse- 
quently, it is not normal to find any 
correlation in oils between power factor 
and dielectric strength. 


BREAKDOWN 


In the light of the foregoing the process 
of failure in the insulation here studied is 
readily explained as follows. 

The original state of the insulation com- 
prises thoroughly impregnated paper and 
completely filled oil channels, that is, 
entire absence of visible gas pockets or 
bubbles. The type then is that of the 
best oil-filled cable insulation. 

Under increasing stress the first dis- 
turbance of the original condition is the 
liberation of small gas bubbles in the oil 
channels. This occurs when the crest 
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value of the a-c stress wave reaches the 


“ 1,500 volts per mil. 


~ lower. 


breakdown (electron avalanche, or dis- 


ruptive spark) stress of the oil. The 
computed value of the stress in the oil 
channels at final failure of the specimen in 
the paper density studies is from 1,000 to 
The maximum dis- 
ruptive strength of the purest hydro- 
carbon liquids is about 3,000 volts per 
mil,’ that of a good cable oil substantially 
The difference between these 
figures and those computed is to be found 


in the free ion content of the oil after im- 


pregnation, and, more important, in the 
consequent increase in stress near the 
paper surface by the accumulation of 
space charges in each half cycle. 

Initial or crest gaseous ionization may 


not be detected at once on the recorder 


unless it occurs in a large number of 
places at the same initial critical stress. 
Nor does it necessarily result in a perma- 


nent gas bubble, if the stress rises no 


further. A minute gas bubble at the 
crest of the wave readily might be ab- 
sorbed by the oil in the following half 
cycle during which the stress is below the 
critical value. However, if even crest 
ionization is allowed to continue it will 
liberate at each recurrence more liquid 
ions, the volume of the bubble and its 
attendant gas discharge will increase, 
attack the paper, and finally lead on to 


‘failure, with corresponding indications on 


the ionization recorder. Evidence of 
these conditions is found in the examina- 
tion of several specimens removed from 
‘test at various stages of internal ioniza- 
tion. In these there was no gas forma- 
tion or other evidence of approaching 
failure except a slight odor of burnt oil. 
However, on oil extraction and magenta 
staining clear wax deposits were found in 
every case, usually along the paper edges. 

Some of the tests clearly indicate that 
for stresses as low as 400 volts per mil 
sufficient time will lead to the appearance 
of ionization and ultimately to break- 
down. Figures 5 and 6 show that a time 
element is involved both before and after 
copious ionization begins. An explana- 
tion of the time element in the preioniza- 
tion (recorder reading zero) period is 
offered in the foregoing paragraph. In 
the postionization period time is obvi- 
ously necessary for the gaseous discharge 
to burn its way through the adjacent 
paper tapes. Figure 3 gives a good idea 
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of the growth of ionization in the average 


case; from post-mortem examinations of 
a number of specimens it appears that the 
central constant values of these curves is 
maintained while the ionization discharge 
is working through from one to three 
layers of the 16 layer spécimen; from 
then on the failure proceeds with a rush. 
Obviously, as the rapidly applied stress is 
increased the time interval before ioniza- 
tion becomes shorter and finally disap- 
pears (in this work at from 600 to 700 
volts per mil). Still further increase of 
stress reduces the time during which sus- 
tained ionization is evident. The short- 
est such time intervals observed in these 
tests wete from three to nine minutes, at 
700 volts per mil. 


THE INFLUENCE OF PAPER DENSITY ON 
BREAKDOWN 


The decrease in breakdown strength 
with increasing paper density found in 
these and preceding tests clearly is due 
to the increase of stress shifted to the oil 
channels by the increase in the dielectric 
constant of the denser papers. This and 
other behavior in the matters of conduct- 
ance, capacitance, power factor, loss, and 
oil density have been explained in pre- 
ceding papers, with particular reliance on 
the variation of ionic content and space- 
charge phenomena in oils. 

The present tests, with increasing single 
values of stress rapidly applied and with 
failures occurring after intervals down to 
three minutes after the application of 
stress, show the same decrease in break- 
down stress with increasing paper density 
as found in the earlier voltage step tests, 
which ranged over life values from two to 
four days. No attempt was made to 
shorten the life further by stresses above 
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Figure 7. Life versus stress for four combina- 
tions of oil and paper 


O—Paper B, 0115314 ~ 
O—Paper D, oi1 5314 


A—Paper B, oi| 5317 
v—Paper D, oil 5317 
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denser the medium, as based on 
and confirmed by experiment. 
insulation is not uniform, and the me ae 


nism of failure pictured in these studies 


makes it a matter of progressive action 
first in the oil and then in the paper. 


Under impulse test the influence of time _ 
is practically excluded, and it may well be ~ 


that the over-all density is the controlling 
factor. 


already noted Figure 6 suggests that for 
the heavier oil the curves for B and D 
paper may coincide or cross each other at 
still higher stresses. 

There remains the question of the ap- 
parent contradiction between these stud- 
ies and cable manufacturers’ informal re- 
ports that the use of high-density paper 
results in higher dielectric strength. A 


- possible answer suggests itself as follows. 


If the comparison is that between a 
cable insulated completely with low- 
density paper and the same cable insu- 
lated completely with high-density paper, 
then the present studies indicate strongly 
that the former would have the higher di- 
electric strength in tests such as here re- 
ported, excepting possibly those of im- 
pulse types. However, if the cable- 


The results of Foust and Scott® 
_ give some support to this view; and as 


ot a le roar nee aa 


conductor insulation is made up in part — 


with high-density paper next to the con- 
ductor, and in part with low-density 


paper outside, two conflicting conditions — 


enter as follows: 


(a). 


The electric stress at the surface of the 


conductor is reduced due to the increased _ 


capacitance of the inside-high density paper. 


(b). The ratio of the dielectric constants of 
the denser paper and of the oil is increased, 


and so tends to increase the stress in the oil — 


channel, and thus offset the lowering of 
stress of condition (a). 


Approximate analysis in terms of cable 
dimensions and dielectric constants leads 
to equations which show that under cer- 


tain conditions, for the same dimensions 


and the same value of applied voltage, 
the value of the oil stress in the channels 
of the inside high-density paper, may fall 
below that in the inside oil channels of the 
same specimen insulated throughout with 
low-density paper. Thus for a single 
conductor with cable insulation com- 
pounded of high- and low-density papers, 
a gain of dielectric strength up to 11 per 
cent over that of the low-density paper 
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alone is indicated, depending on the di- 
mensions and relative values of paper 
density and dielectric constants of paper 
and of oil. 


Gas-FILLED CABLES 


It is interesting to ask whether these 
results have any bearing on the conditions 
in gas-filled cables. There being no free 
oil in the channels it appears that the 
mechanism of a short-time test failure 
may be of different type; space-charge 
and surface-layer effects are probably 
lower in value and of less effect; the 
cumulative oil ionization leading to 
failures at lower stresses and longer times 
in oil-filled channels has no obvious 
counterpart in gas-filled insulation. On 
the other hand two important facts stand 
out: 


1. The ratio of values of stress in paper and 
oil noted are more than doubled for the 
paper and gas of the gas-filled cable. 


2. Local ionization in gas-filled insulation 
may not be reflected in an over-all measure- 
ment of power factor of even a short sample, 
and such local ionization once started must 
be a serious menace even to wax-covered 


paper. 


It would bé interesting to know the values 
of stress at which local ionization, as dis- 
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Figure 8. Current-volt- 
age curves in insulating 
oils 
(a). Commercial insu- 
lating oils 
(6). Further purified 
(c). Successive distil- 
lations 
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tinct from that indicated by power-factor 
curves may first be detected in gas-filled 
insulation, and its rate of growth if any, 
as a factor in ultimate failure. — 


Conclusions 


1. High-stress short-time constant-tem- 
perature tests. of completely impregnated 
cable-paper insulation, approximating that 
in oil-filled cables, show that a higher- 
density paper has a lower breakdown 
strength. The results confirm those of 
earlier tests in which a step-voltage test over 
longer times was used. The behavior is 
much the same for both a light and a heavy 
oil. 


2. A method is described for detecting the 
first occurrence of gaseous ionization in 
impregnated-paper insulation and for taking 
a continuous record of its growth up to 
breakdown. Interruptions of the tests at 
various stages as revealed by the ionization 
recorder show that ionization and failure 
almost invariably begin in the oil channels 
of cable insulation, and that a time element 
enters in both preionization and subsequent 
ionization periods. 


3. Breakdown stress-time curves have 
been plotted for low- and high-density 
papers, each impregnated with a light anda 
heavy oil, for stresses between 700 and 500 
volts per mil, and corresponding time inter- 
vals between 3. minutes and 900 minutes. 
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Figure 9. Power factor versus stress at differ- 
Bi ent temperatures” 


A time variation as the inverse 12th power 
of the stress is suggested. 


4. The mechanism of breakdown and 
power-factor and capacitance variation as 
related to paper density are discussed and 
explained in terms of fundamental conduct- 
ance phenomena in insulating oils. 
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pine Power Distribution: Problem 
in Arc Welding 


H. W. PIERCE 


NONMEMBER AIEE 


HE extent to which arc welding has 
contributed to the shipbuilding pro- 
gram is wellknown. The consequent ex- 
pansion of welding in shipyards resulted 
in various problems: the training of 
operators, production of the materials 
used, and by no means least, the develop- 
ment of satisfactory power-distribution 
_ systems. It is the intent of this paper to 
_ discuss briefly the general principles of 
power distribution for arc welding and to 
illustrate the application of these prin- 
ciples in the provision of an adequate, 
_ flexible, and economical distribution sys- 
tem in a typical shipyard. Although 
many conditions in shipbuilding are pe- 
culiar to the industry, it is believed that 
_, similar reasoning can be applied to any 
metal-fabricating plant making use of 
are welding on a like scale. 


Background 


In the period between World War I and 
World War II, the plant of the New 
York Shipbuilding Corporation consisted 
essentially of five large covered building 

_ ways, a wet slip, outfitting piers, and the 
usual shipyard fabricating and outfitting 
shops. The corporation had commenced 
building operations in 1900 and therefore 
had a background of long experience in 
riveted ships of all classes. Arc welding 
was introduced in the yard prior to World 
War I on a very small scale; as late as 
1930 equipment for this work consisted 
of only a score of individual d-c motor- 
generator sets and one constant-potential 
multiple-operator set with half a dozen 
outlet panels. Power for most of the 
welding machines and other power appli- 
cations was provided by a 2,300-volt 
distribution system supplying various sub- 
stations, transforming to 440-volt three- 
phase 60-cycle power for the shipways 
and fabricating shops. Some use was 
made of d-c power distribution in the case 
of the latter. 

Applications of arc welding increased 
steadily from 1930 to 1939, particularly 
in the naval vessels then building, and the 
number of operators employed reached 
a peak of 300. Power for these growing 
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operations was provided by moderate in- 
crease in the regular 440-volt distribu- 
tion system, and some addition of both 


single-operator and portable multiple- 


operator motor-generator sets. A-c drive 
was made standard, and the old d-c-drive 
sets were replaced. It became increas- 
ingly evident that further extension of 
welding in shipbuilding operations would 
require radical revision of the system of 
power distribution. 


Expansion 


The_magnitude of the problem which 
had to be solved in connection with the in- 
crease of activity from 1939 on is best 
understood by reference to the records of 
employment and power consumption from 


Figure 1. Power and A B Cc 
man-load record, New MULTIPLY BY 
perp ie 4 100 1000 100 
York Shipbuilding Cor- 320 10,200 234 
poration, 1939-44 
A—Total man-load 245 8,200 194 
B—Kilowatt-hours 
monthly 170 6,200 154 
C—Maximum demand 
D—Welding man-load 95 4,200 114 


20 2,200 74 


that time to the present. The power con- 
sumption and demand curves shown in 
Figure 1 are, of course, for all power used 
in the yard, as it is not possible to sepa- 
rate that used for welding operations ex- 
cept in certain areas. Records at these 
points established the correlation between 
electrode consumption and power, and 
these, when applied to the yard as a whole, 
indicate that at the peak in 1943 arc weld- 
ing accounted for at least 1,250,000 kilo- 
watt-hours per month. 

In 1939, moreover, the contracts under 
negotiation only partially indicated the 
requirements of the future, but it was 
realized that a basic plan of distribution 
would have to be selected which would be 
highly flexible and which could be ex- 
panded as increased demands were placed 
uponit. Atno time during this expansion 
period was it possible to predict the weld- 
ing requirements with any degree of ac- 
curacy for more than the next 12 months. 
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portant factors, and 
precedence over first cost or ec 
‘operation. Since these factors ar 
dent to war emergency, they will 


pointed out in the following discussion 


where they distated the choice of any de- 


tail. 


Principal Considerations 


Although it is not within the scope of 
this paper to discuss in detail the relative — 
merits of types of welding equipment, a — 


bare description of the distribution sys- 


tem would be meaningless without the rea-__ 
‘sons which led to its selection. The prin- | 
cipal questions which required answer be- 


fore the layout of any distribution hee 
could be started were: 


1. Was direct or alternating current to be 
used for the arc? 


2. Was generation of d-c welding current — 


to be accomplished with individual or mul- 
tiple-operator units? 


ren anim 


3. What was the maximum current and 
range of current to be eh eee. each opera- 
tor? 


4. What was the total power to be delivered 
to each specified area of operation? 


The first two items are highly contro- 
versial; furthermore, technological im- 
provements present a constantly changing 
picture. Decision can be made only on 
the basis of close examination of all fac- 
tors involved in a specific application. 


Primary Factors 


The selection of equipment and, there- 
fore, the determination of the main fea- 
tures of the distribution system rest with 
the following factors: 

1. Position in which welding is done. 
2. Size and types of electrodes used. 


3. Average current demand per operator. 
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<4 ve Total number of aperatera iS ie 
5. Area covered 2 ee operations; dis- 
tances involved. 

Space ee 

Cost of installation. 

Operating costs, including maintenance. 
Safety. 


~Many of these factors are interdepend- 
ent: the size and type of electrode is 
partly dependent upon the position in 
which welding is to be done, and items 4 
and 5 taken together form a most impor- 
tant factor—the degreeof concentration of 
force. 


a Sao 


- General Conditions 


z Shipyards and shipyard practices are 
not necessarily alike, depending on the 
- size and type of ship built by any yard. 
In the case of New York Shipbuilding 
_ Corporation for the past five years, the 
output has been naval construction ex- 
clusively and almost entirely large com- 


 batant vessels: cruisers, aircraft carriers, 


and battleships. Even under the pressure 
of wartime, such vessels require from ten 
months upwards on the ways and from 


A four to eight months outfitting. Because 


Z _ of the complication of structure, the 
amount of shape, and rate of production, 
there is comparatively less opportunity 
for subdivision of the work, and, conse- 
quently, the necessity to do a high propor- 
tion of welding on the ways. The welding 
force increases with the steel erected, 
reaching a maximum at launching. It 
then drops to zero until the next keel is 
laid down, wes the cycle starts over 
again. 

Following launching, the ship moves 
into the wet slip where heavy weights, 
such as turrets, are installed and finally to 
an outfitting pier for completion. The 
- welding load drops only momentarily 
following latinching and, as a rule, equals 
or frequently exceeds previous peaks dur- 
ing the outfitting period, decreasing 
sharply as the delivery date approaches. 

Welding conditions in the shops are 
quite different from those in the wet slip, 
and there is considerable variation be- 
tween shops, depending upon functions. 
Insofar as welding operations are con- 
cerned, we deal principally with the plate 
and angle, boiler, copper, pipe, machine, 
and turret shops. “The subassembly areas 
or slabs are quite similar to the plate- and 
angle-fabricating shop, in regard to weld- 
ing. 

In illustrating the application of factors 
which led to the choice of the distribution 
system, it is therefore convenient to deal 
with the ways, the outfitting piers, and 
the shops separately. 

As previously noted, the entire system 
developed over a period of several years. 
The first step was the provision of ade- 
quate power on the five permanent and 
covered ways, the wet slip, piers then in 
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Figure 2. Sectional 

elevation of building 

ways, showing both 

covered and open 
types 


WELDING 
SUBSTATION 


OPEN WAYS 


use, and the shops. Subsequent expan- 


_ sion added five open temporary ways and 


required additional pier facilities. In the 
main, this expansion was an extension of 
the systems previously adopted, but some 
additional problems, notably availability 
of materials, were involved. 


Covered-Ways Equipment 


At the time the power system was de- 
veloped for this area, there was little 


choice in the type of power for welding. A’ 


large percentage of the welding must be 
done in the vertical and overhead posi- 
tions, and electrodes for alternating cur- 
rent, which would operate as easily and 
give comparable speeds and weld quality, 
were not available. Even now, with great 
improvement in a-c electrodes, the use of 
alternating current for ship work on the 


waysis debatable. It isnecessary to have * 


moderately long lines from the machine 
or panel to the work. This line lies on 
and across great masses of steel and leads 
through openings and hatchways, result- 
ing in large and variable inductive drops. 
Although alternating current has been 
used on the ways in a number of European 
shipyards, direct current is almost always 
used in the United States. 

The relative advantages and disad- 
vantages of the two methods of generating 
the d-c power, the single-operator or the 
constant-potential multiple-operator set, 
require more consideration. Both types 
were available, both had been in use in 
this yard, The peak load on one shift on 
one way was estimated at 120 production 
operators and 80 tackers, therefore, re- 
quiring some 200 welding machines or 
panels per ship during the last months on 
the ways. This represents a high concen- 
tration of force. Space in the way area is 
at a premium, even if the machines or 
panels could be located at ground level. 
The length of welding cable actually 
handled by each operator had been stand- 
ardized at 200 feet, made up of 100 feet 
of 2/0 cable attached to machine or panel, 
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and 100 feet of 1/0, permanently spliced. 
This represented a compromise between 

minimum voltage drop and a length which — 
would permit a reasonable working radius 
with minimum weight. Reference to a 
sketch showing a typical sectional eleva- 
tion of the ways, Figure 2, shows the 
necessity, even with a 200-foot lead, for 
keeping the current control as close to the 
ship and to the level of the top deck as — 
possible. This may be done by locating 
the machines either on deck or in the 
staging. The former method is very un- 
satisfactory on ships with a number of 
decks or much subdivision, since all ma- 
chines have to be moved as additional steel 
is erected. Even when a group of ma- 
chines is nested in a cradle there is still 
interference and loss of valuable deck 


WELDERS , WELDERS 
8 
12 
18 
24 
18 
Figure 3. Typical 12 
- resistor-box group- 
ing of panels to pro- a 
vide 200 operators 
per ship 
space. The use of the staging space is a 


far better solution. One or two vertical 
moves keeps the outlet close enough to the 
top of structure yet is relatively independ- 
ent of erection. Leads are very little 
longer than when placed on deck and 
there is no interference with cranes or 
other services. 

It is our usual practice to group ma- 
chines or outlets at stations along the 
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Figure 4. Front view of stack of resistor 
panels for ship welding 


ship’s side, spacing these groups at inter- 
vals so that the effective working radii of 
leads overlap, thereby affording coverage 
for all jobs. Since the bulk of work is 
amidship, the grouping at these points is 
heavy and, in a typical case, takes the 
form shown in Figure 3. 

Most ship welding on the ways is done 
with electrodes of */1.-inch or less diame- 
ter, using less than 200 amperes, due to 
the fact that so much welding is done in 
either the vertical or overhead positions. 
Tack welding requires much less, besides 
having an extremely low duty factor. 
There is, however, enough heavy deck and 
armor work requiring 300 to 400 am- 
peres per operator to demand some heavy 
equipment at all stations. Individual 
motor-generator sets are available in 
standard sizes from 100 to 600 amperes. 
Though 200-ampere units have been found 
satisfactory in some cases, the 24-hour 
operation under shipyard conditions has 
made it advisable to use 300-ampere units 
as a minimum together with a lesser num- 
ber of 400-ampere machines. As the work 
load is constantly shifting, it becomes a 
major problem to maintain a proper bal- 
ance of equipment. The weight of some 
20 to 30 such units requires special towers 
or staging units, and their movement is a 
major rigging operation. 

Considerable experience with constant- 
potential motor-generator sets in the past 
had established, to our satisfaction, the 
following points: 


1. A 1,500-ampere constant-potential set 
would carry 15 operators and ten tack weld- 
ers on this type of work. 


2. Parallel operation of such machines in- 
creased the number of production operators 
which could be carried to 120 when six units 
were in parallel. 
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8. At these loads, interference was nil or 
negligible. 

4, Reactors were unnecessary to stabilize 
the welding circuit. 


This led the way to our own design of a 
very compact and lightweight resistor 
panel, providing 30 to 200 amperes, in 
steps of ten amperes, independently, for 
each of two operators. In jobs requiring 
more than 200 amperes, a paralleling 


TO 
MAIN SUBSTATION 


Figure 6. Plan of ways showing location of 
substations 


A—Welding substation 
O—Underground manhole 
—-+—Duct system 

—-— 9,300-volt feeder 


switch could be closed, permitting only 
one welder to work but giving 60 to 400 
amperes. The total weight of this double- 
outlet panel is 180 pounds against 872 
pounds for two standard 200-ampere in- 
dividual units or 1,700 pounds for two 300- 
ampere units. The double panel is de- 
signed for stacking as shown by Figures 4 
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Figure 5. Rear view of stack of resistor panels 
for ship welding 


and 5, and the total weight of a group of 
12 panels or 24 outlets is, therefore, only 
2,160. pounds. Due to this light weight, 
it is possible to place these stacks on 
ordinary staging, which means being able 
to place them in the most desirable loca- 
tion and to shift them easily as conditions 
change. 

These considerations alone would have 
lead to the adoption of the constant- 
potential system for way’s work. First 
cost was, as a matter of fact, lower for the 
entire system, and, from a safety stand- 
point, all portable cable and connections 
were thus handling 70 volts maximum in- 
stead of 440 volts. From a maintenance 
standpoint, oiling and upkeep of some 200 
small motor-generator units would prove 
considerably more costly than would the 
six large units favorably located in a sub- 
station. A temporary-light station is 
placed adjacent to the substation, and the 
man in charge of temporary lights and 
service at that. point is the operator of the 
welding substation, starting and cutting 
in machines as required. Since the panels 
are of simple and rugged construction, 
they withstand misuse and rough handling 
to a surprising degree. 

There was, in this case, no disadvantage 
in the fact that all machines must work 
on the same polarity. The electrodes 
used for medium-steel structure, as well 
as the chrome-nickel austenitic electrodes, 
all either were designed for d-c reverse 
polarity or operated satisfactorily on 
either polarity. 


Power Distribution on Covered 
Ways 


The estimated man load per shift per 
ship was 120 production welders aver- 
aging 180 amperes per arc with an esti- 
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Figure 7. Single-line diagram of a typical 
welding substation and distribution to operators 


F.C.T.B.—Full-capacity terminal bar 
S.C.—Similar circuits 


___. It is common practice to locate welding 
substations of this nature at the head of 
the ways. In this case, such space was 
_ not available, and, secondly, due to the 
' length of the ways, it appeared highly de- 
sirable to locate the machines at approxi- 
mately mid-length to reduce line drop and 
the amount of copper required. Accord- 
ingly, six welding substations were in- 
| stalled as shown in Figure 6. A single- 
line diagram of typical welding substation 
is shown in Figure 7. Under the covered 
ways, due to the column arrangements 
supporting the crane ways and roof, an 
area of 10 by 30 feet was available at each 
location. 

On account of this small space a two 
level substation was designed, the upper 
level housing the switchgear and trans- 
formers, the lower level housing six con- 
 stant-potential welding machines (Figure 
2). Toco-operate with the manufacturer, 
it was decided to mount the control equip- 
i ment for both motor and generator above 
the motor-generator set, all supported on 
a common base, thus shortening the set 
and giving a very compact unit. A 440- 
volt driving motor was selected because 
of the use of 440-volt supply for miscel- 
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portability, such sets then could be used _ 


throughout the yard. 

Synchronous motors on other power 
~ application had accomplished satisfactory 
correction of the yard power factor; there- 
fore, induction motors were chosen for 
welding, again resulting in lower cost. 
The final machine adopted consisted of a 
440-volt, 150-horsepower induction motor 
driving a 1,500-ampere 70-volt generator 


with an over-all length of 71/2 feet. This 


size permitted six machines to be located 
in the space assigned, giving a total ca- 
pacity of 9,000 amperes for one hour or 


_ 7,200 amperes continuously, which was 


safely above the estimated load. A typical 
interior view is shown in Figure 8. 

The machine described made a com- 
pact portable unit permitting a ready 
transfer of machines between stations as 
the work load built up ona particular way, 


- thereby eliminating the possibility of idle 


machines and greatly reducing the num- 
ber required. 

From the main substation, where 
switchgear with adequate short-time and 
interrupting capacities could be provided, 
a 2,300-volt cable was installed to each 


Interior lower level of typical six- 
machine substation 


Figure 8. 


welding substation, directly connected to 
a 750-kva bank of air-cooled transformers 
stepping down to 440 volts. Air-cooled 
rather than oil-cooled transformers were 
selected because of fire hazard adjacent to 
the ships under construction. Each motor 
circuit was connected to the 440-volt bus 
through air circuit breakers to the welder 
motor below. The:generators are paral- 
leled through a ring bus with positive and 
negative feeders taken off at opposite ends 
of their respective rings. This places all 
units equidistant from point of take-off 
and insures equal distribution of load be- 
tween machines. This is of great impor- 
tance, when it is considered that the load 
reaches a maximum of 9,000 amperes, and, 
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used, it reaches a maximum of 15,000 
amperes. 
2,000,000-circular-mil feeders are con- 
nected through 2,000-ampere single-pole 
air circuit breakers, the feeders running 
parallel to the shipways. 


these feeders are 18 outlet boxes spaced — 
along each side.of the shipways to give 


flexibility and to shorten the portable 


Figure -9. Typical 
substation, feeder and, - 


outlet-box — arrange- 
ment 

A—Welding substa- 
tion 


Fi—Full - capacity 
negative terminal 
@—Outlet box 
©—Terminal bar 
Positive feeder 
———Negative feeder 


844-0" 


cables connected to the resistor boxes 
shown in Figures 3, 4, and 5. 

This is the end of the permanent in- 
stallation. To these outlet boxes there are 
connected four portable cables which run 
to the ship where 12 200- to 400-ampere 
duplex resistor panels are connected sup- 
plying a total of 24 welders. 

Tack welders, who use small electrodes 
and comparatively low currents, could use 
a much smaller panel. Special tacker’s 
panels are, in fact, in use im some yards. 
We have not adopted this for various rea- 
sons. It is common to have the heaviest 
tacking force on the day shift, working 


with other crafts in the erection and fitting” 


of structure. Succeeding shifts carry a 
higher proportion of welders who perform 
the production work. When tackers 
finish, their lines are left on the job, and 
are taken over by the welding operator, 
with consequent saving of time and effort. 
To conserve on the number of panel out- 
lets where an unusually large force of 
tackers is assigned to a shift, we have 
found it practicable to work two on a 
single outlet. The duty cycle is so low 
that there is little interference between the 
two, even when they are not in the same 
vicinity or in direct communication. 
Particular attention is paid to the 
ground or return system. From the nega- 
tive bus or ground return there are con- 
nected four 2,000,000-circular-mil cables 
each terminating at fourequidistant points 
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These feeders — 
branch out, two in each direction, Seer ; 
lapping at the midship area or in heavy- _ 
load center (see Figure 9). Connected to a 


eae 2 oy Ve a gt ee 0 oe ee Pa Nee 
4 \- gat > a oe Siler as aa Na be 


along the shipways. 
there are heavy copper terminal bars to 
which the hulls of the ships are well 
bonded with portable cables. In addition 
there is installed a full-capacity negative 
ground terminal connected directly to the 

generator bus located amidship, or in the 
_heavy-load center, to which the ships’ 
hulls are connected with portable cables. 
These also are shown in Figure 7. In the 
early stages of ship construction the four 
feeders are necessary because various 
joints, seams, and so forth of the hull 
have not been completed, which offers a 
poor path for the return currents. As the 
ship nears completion the hull becomes a 
relatively good path for the return cur- 
~ rents, far better, in fact, than all the cables 
that could be installed in a practical and 
economical manner. As this condition is 
reached, cables are added between the 
full-capacity negative bus and the ship’s 
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Figure 10. Welding substation and distribu- 
tion system on typical outfitting pier 


A—Welding substation 
O—Underground manhole 
O—Outlet box 

—--—Duct system 

—-— —Conduit system 


hull, until practically all the return cur- 
rents are returning to the substation at 
this point. 


Outfitting Piers 


Insofar as the selection of welding 
equipment for the outfitting piers is con- 
cerned the factors are very similar to those 
considered for the covered ways. The 
outfitting piers are long and narrow with 
gantry cranes spanning practically the 
entire width. Thus, very little space was 
available between the crane rails and the 
side of the pier for location of welding 
equipment. As on the ways, considera- 
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At these ‘points 


dew fi space an 1 
to the adoption of the cons 
system with, however, provision 


cient power for a few individual-operator Sg 


machines to cover any special job in the 
‘course of outfitting which might require a 
different polarity or special equipment. 

A welding substation was installed be- 
tween the crane tracks spanned by the 
gantry cranes. From the substation’s 
cable vault an underground-duct system 
was installed to outlet boxes located on 
each side above ground between the crane 
rails and the sides of the piers, as shown in 
Figure 10. These outlet boxes are con- 
nected to the underground manholes with 
metallic conduits running under the crane 
rails. The resistor boxes are stacked in 
groups on the decks of the ships and are 
connected by portable cables to the outlet 
boxes (see Figure 11). With this method 
no interference was experienced among the 


cranes, material handling, ship mooring 


cables, and the welding outlet boxes and 
cables. 
On the outfitting pier, where ships are 


- moored one on each side after launching, 


an extremely heavy welding area was 
created. Based on an estimated man- 
load peak of 160 welders per ship with 
two large ships outfitting simultaneously, 
or 320 welders per shift, using 150 amperes 
per man with an operating time of 25 per 
cent, a capacity of 12,000 amperes was re- 
quired. 

The same type and size of multiple- 
welding machines are used as on the ways 
for interchangeability between stations. 
A ten-machine station was installed hav- 
ing a total capacity of 15,000 amperes one 
hour or 12,000 amperes continuous. The 
one-hour rating takes care of all additional 
power required for tacking service. The 
ten welding generators were paralleled on 
a ring bus with the positive and negative 
cables taken off at opposite ends of their 
respective rings. From the positive ring 
ten 2,000,000-circular-mil insulated feeder 
cables were connected through ten 2,000- 
ampere single-pole air circuit breakers, 
these cables running underground through 
the duct system to 20 outlet boxes (two 
boxes per cable). From the negative ring 
ten 2,000,000-circular-mil bare cables 
were installed, these cables running under- 
ground through the duct system to the 
same outlet boxes. This shipyard is lo- 
cated in a fresh-water area, and, with the 
ship well-bonded to heavy negative- 
ground return cables, no pitting of ships’ 
hulls due to electrolytic: corrosion has been 
experienced. 


Shops 


Welding conditions in most of the fab- 
ricating shops are very different from 
those discussed under ways and outfitting 
piers. The operators are either in rela- 
tively small groups or are widely distrib- 
uted over a considerable area, so that the 
concentration of force is low. More posi- 
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or transfer equipment. 
chine can, therefore, 
can be used to capacity 
ticularly suited to the o 
point, whereas the mult Opi 
is at a serious disadvantage. ; 
In many instances full advantage ae 
be taken of a-c welding, p 


work in the downhand position predomi- 
nates. The shops therefore are equipped 
with individual units, either a-c or d-c_ 


motor-generator sets or transformer Tare, : 


welders, as the work dictates. 
All units take power from the 440-volt 


three-phase 60-cycle shop feeders with | 
- fused outlet boxes and safety switches at 


all locations where welding is required. 
The transformer welders are necessarily 
single phase and are distributed equally 
over the three phases. Expansion of facili- 
ties was handled by running new shop 
feeders, or reinforcing old ones. A num- 
ber of outlet boxes ample to cover antici- 
pated needs were provided, and, in those 
few cases where the load was underesti- 
mated or radically shifted, itwas compara- 
tively simple to modify the 440-volt feed- 
ers. 

The five temporary ways, which con- 
cluded the expansion problem, presented a 
similar electrical problem to that on the 
permanent covered ways, except that the 
former were intended for slightly smaller 
ships, and there was no overhead crane 
structure, as shown in left-hand side of 
Figure 2. These ways were built on the 
site previously occupied by two wide ways 
in World War I. This resulted in an ar- 
rangement permitting a very narrow space 
between pairs of ships and prevented in- 
stallation of machines or outlets between 
each ship. On the other hand, this close 
coupling permitted a ship to be serviced 
for welding entirely from one side, assum- 
ing adequate generating capacity. 

Three six-machine substations were, 
therefore, installed for the five ways 
(Figure 12), the compact design permit- 
ting the station to be located between the 
ship and the gantry space and actually 
under the staging. Since length was not 
restricted, but height had to be kept down 
the machines, transformers, and switch- 
gear were all located on the same level 
with an underground-duct system branch- 
ing out from each substation to the vari- 
ous outlet boxes located on both sides of 
the pairs of ways. All cables.were run 
underground to the outlet boxes with port- 
able cables connecting these boxes to the 
resistor units located on the staging at the 
side of the ship. 

The estimated welding man-load pership 
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articularly in 
the turret and boiler ake where heavy 


per shift was 90 welders using 180 amperes 

per arc with an operating time of 30 per 

cent. This meant a peak load of approxi- 

mately 4,860 amperes. The fact that two 

adjacent ships would not be expected to 
be in the same construction stage at the 
same time allowed sufficient margin 
whereby two ships could be supplied from 
a six-machine station. This condition 
proved satisfactory, until a ship was held 
up due to change in design. This caused 
a welding peak to develop beyond the 
capacity of the substations. 

Normally, an additional substation 
would have been installed on the open side 
of the fifth ship to supply the additional 
welding capacity. As it was impossible 
to obtain either the large constant-poten- 
tial motor-generator-sets or the trans- 
formers and switchgear in time, it was 
necessary to use items on hand. Eighty 
200-ampere individual motor-generator 
sets were found to be immediately avail- 
able; accordingly, five towers were in- 
stalled on the side of the ship way and 
five 440-volt circuits were run, one to 
each tower, from existing 440-volt outlets 
in the vicinity. These also are shown on 
Figure 12. Sixteen welding machines were 
located on a platform on each tower per- 
mitting the 16 machines to be lifted as a 
unit as erection progressed on the ship. 
See Figure 13. A standard welder’s lead 
was run from each machine to the working 
locations on the ship. The negative or 
ground-return cables were connected to a 
heavy bus bar which was mounted on each 
tower and bonded to the hull of the ship. 

It is interesting to note that the system 
used at this particular way was one of the 
alternatives considered and discarded in 
deciding the principal power-distribution 
system for welding on the ways. Experi- 
ence with the system wholly justified the 
original decision where time of delivery 
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Figure 11 (left). 

View of power- 

distribution outlets 

on pier with weld- 

ing resistor panels 
on ship 


Figure 13 (right). 
Arrangement of 
single - operator 
welding machines 
for shipways use 


‘TO MAIN SUBSTATION 


Figure 12. Plan of open ways showing 
location of substations and distribution system 


—Welding substation 

o —Underground manhole 

O--++—Duct system 

—--Conduit system 

M—Tower for _ single-operator 
welding sets 


or a lack of critical materials did not 
apply. Although some of the difficulties 
encountered were.due to the fact that 200- 
ampere machines rather than 300-ampere 
machines had to be used, the lack of flexi- 
bility and portability in this emergency 
setup was keenly felt. Both operators and 
supervisors in welding, as well as other 
departments affected, are in unanimous 
agreement on this point. 


Incidental Power 


In conclusion, there remain substantial 
power demands for items incidental to, 
but not included in the foregoing discus- 
sion of welding power. Electric arc weld- 
ing releases various fumes and gases, 
which have been proved low in toxicity 
but which are irritating and, like all metal 
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_ fumes and smoke, dangerous, if inhaled in 


concentrations easily reached in confined 
spaces in ship’s compartments and tanks. 
Removal of these fumes and the provi- 
sion for a supply of fresh air, therefore, 
are problems of welding and another 
problem for the plant electrical engineer. 

Use is made of two principal types of 
ventilating equipment at the New York 
Shipbuilding Corporation: 


(a). A  two-horsepower individual ex- 
hauster, handled by the welding operator 
and taking the fumes directly from the arc, 
designed for use on the 240-volt 180-cycle 
system provided primarily for drilling and 
reaming operations aboard ship and in the 
shops. 

(b). Fifteen-horsepower exhausters with 
multiple 4-inch suction lines which can be 
led to various working locations, exhausting 
fumes outside the ship. 


These operate from the 440-volt, three- 
phase 60-cycle system provided for gen- 
eral power. The extent to which ventilat- 
ing apparatus for welding increases the 
power requirements can be appreciated, 
when it is compared to the power actually 
consumed in welding operations. De- 
pending upon the degree to which the ship 
has been closed in, the concentration of 
work, and many other factors, from one- 
third to one-half as much power may be 
used in ventilation as in actual welding. 
The use of welding in fabricating ex- 
tremely heavy sections as in stern posts, 
rudder crossheads, and in joining high 
tensile and ballistic steels with moderate 
to high hardenability, has added the neces- 
sity of extensive preheating. Though 
this can be accomplished in some instances 
in a furnace, as by gas or oil torch, electric 
preheating is by far the most satisfactory 
form for most applications. Both induc- 
tion and resistance types are in use, but 
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~ Magnetic. Strip 


R. M. BAKER 


MEMBER AIEE 


Synopsis: The general problem of heating 


iron or steel strip by induction is analyzed to 


arrive at equations for power-factor effi- 
ciency and density of heating under all con- 
Certain general curves are shown 
to illustrate the limitations of strip thick- 


“ness, frequency, and density of heating. 


ANY engineers are already familiar 


with the application of radio-fre- . 


quency power to the brightening of elec- 
trolytic tin plate in continuous-line pro- 
duction. In this process, induction heat- 
ing raises the temperature of the iron 
strip to the melting point of tin, causing 
the tin surface to melt and flow into a 
uniform tightly adhering layer while the 
strip is traveling at speeds up to 1,000 
feet per minute or more. This applica- 
tion required the use of vacuum-tube os- 
cillator equipment (frequency about 200 
kilocycles) because of the thinness of 


‘strip to be heated: (0.007 inch to 0.014 
-. inch approximately). 


There are, how- 
ever, many possible applications of induc- 


’ tion heating to thicker iron or steel strip, 
which may be accomplished by rotating 
-machines (inductor alternators) having 


an upper practical frequency of about 
10,000 cycles per second (9,600 cycles 
standard). This paper is written to show 
when and how iron strip may be heated 
at machine frequencies (9,600 cycles) and 
to show when it is necessary to use higher 
frequencies supplied by industrial vac- 
uum-tube oscillators or generators. 

There is practically no limitation on 
the thickness of strip which can be 
heated by induction, but, .since a con- 
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Induction Heating of I 


tinuous-line process is considered, the 


most likely thickness range is from 
0.003 inch to 0.032 inch. Strip widths 


up to four or five feet can be satisfac- 


torily handled. 

This treatment is limited to iron or 
steel strip which is ferromagnetic. Para- 
magnetic materials like copper, alumi- 
num, brass, and such cannot be heated 
satisfactorily by the usual process of in- 


duction heating. Iron and steel lose their — 


ferromagnetism between 700 and 800 de- 
grees centigrade and cannot be heated 
economically above this temperature. 


INDUCTION- 
HEATING 
COILS 


TO WIND-UP 
REEL 


jo000J[0000} 


—_ 


Simplified arrangement for induc- 
tion heating of continuous moving strip 


Figure 1. 


- A much simplified handling and heat- 
ing equipment is shown in Figure 1. 
The heating coils usually are wound in a 
single layer from hollow copper tubing 
about one-half-inch outside diameter 


and with the turns spaced one-eighth ~ 


inch to one-half inch, depending on the 
frequency and the job to be done. The 
turns make complete loops around the 
strip and conform to the strip as closely 
as electrical and mechanical considera- 
tions ‘permit. The coil may be made in 
several sections as indicated and extend 
from one foot to ten or more feet along the 


preference here is toward the resistance 
method, using strip heaters attached to 
the work. Aboard ship the 440-volt power 
is stepped down to 115-volts through 
371/>-kva portable air-cooled transformers 
for ship-lighting circuits. Preheating 
makes use of this power, the strip heaters 
being connected upin very much the same 
manner as temporary lighting. 

In the heavy fabricating shops, where 
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preheating is an even heavier load, use 
was made of existing 230-volt d-c power 
feeders no longer needed for power tools, 
which had been converted in the course of 
several years, toa-c. Had such d-c power 
and shop feeders not been available, pre- 
heating in these shops would have been 
handled as aboard ship and would have 
required further reinforcement of the 440- 
volt shop feeders. 
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W=total watts required | Oram 


N=strip eeet (feet per inate) Ne 
c=specific heat ‘coe . -§ 
A;=area of strip cross section eed 
centimeters) 


6=temperature rise of strip (eed 


centigrade) > <8 


1,=length of coil (centimeters) aX 


p=effective magnetic permeability of 


strip 
H=peak magnetizing force (oersteds) 
f =frequency (cycles per second) 
t=strip thickness (centimeters) *, 
K=a parameter (see equation 3)  . 


p=electrical resistivity of strip (ohne 


centimeters) 


G(K®) =a function of Ké¢ (Figures 3 and 5) ' 
W = watts per cubic centimeter in strip ; } 
K,=aconstant (seeequation5) | 
B=flux density corresponding to mag~_ 


netizing force, H; for H greater 
than 60, B=18,000 gauss 
I=coil current (rms) amperes 
V=coil voltage (rms) volts 
n =turns per centimeter in coil 
W,.=copper loss in coil (watts) 


‘| 
: 
. 


b,= width of coil (centimeters) 


-bs=width of strip (centimeters) 
h-=smaller dimension of coil “opening” 
(centimeters) 
K,=voltage factor of coil 


(VI)q =coil volt-amperes due to flux in the | 


air 
‘(VI);=coil volt-amperes due to flux in the 
iron 
5y=depth of flux penetration (centi- 
meters) 


ay: 
: 
= 
= 


Se a ae a st 
—_— 


MOVING STRIP 
=D-C 


~ 
on 


INDUCTOR 
ALTERNATOR 


(8) 


MOVING STRIP 


Figure 2. Electric circuits for induction 


heating of moving strip 
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4 pends on the weight of strip . passed 
through the coil in unit time, its specific 


It is expressed conveniently as 


: Wo= 16.6 NcA 39 watts 


+ 


_ where 


y N=strip speed (feet per minute) 
c=specific heat 

_ A,=cross section of strip (square centi- 
; meters) 

@=temperature rise (degrees centigrade) 


_ The equation for the watts per cubic 

centimeter which must be generated in 
= the strip for a given speed and tempera- 
_ ture rise is 


(2) 


(7) 
watts per cubic centimeter 


- c 
: 1,=length of coil (centimeters) 
Z 
a] ost Generated in Strip 


Because of the complications intro- 
duced by magnetic saturation, the mathe- 
_ tuatical problem of calculating the power 


pee pete [alm jou 
ae ee 
Teo NE 
eee See 
Bisiele epee 


0.04 
: rae 
(eo Te oe. Se ee 
(kt) 
. Figure 3. Strip heating by induction G(kt) 
versus (kt) 
W=1/2 wHtG(kt)10-7 ae 
i BLL x 
| pa gfe ao 
p 
1 
For large values of kt, G(kt)= oH 


input to a magnetic strip by a certain 
magnetizing force and frequency never 
has been accurately solved. The prob- 
lem has been solved mathematically on 
’ the assumption that the permeability (u) 
is constant in the strip and depends only 
| on the peak magnetizing force at the sur- 
_ face. This solution gives 


=1/oynHfG(Kt) X107? 
centimeter 


watts per cubic 


(3) 


where 


p=magnetic permeability 
H=peak magnetizing force at the surface 
of the strip (oersteds) 
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“The power see to heat pe de- 


4 heat, and the temperature rise desired. 
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Figure 4. Schematic arrangement for meas- 


uring power input to strip 


f=frequency (cycles per second) 


ie An?2ufld-® 
i p 


t=thickness of strip (centimeters) 
p=electrical resistivity of strip (ohm 
centimeters) 
G(Ki) =a function of Ké, involving hyper- 


bolic functions and plotted for con-: 


venient use in Figure 3 


It can be shown for the nonferrous met- 
als (u=1) that 1/K is equal to the effec- 
tive depth of current penetration. The 
same is approximately true for the ferro- 
magnetic metals (iron and steel) below the 
Curie point (750 degrees centigrade), if 
(u) is given the proper value. 

For large values of Kt, corresponding 
to small depths of current penetration in 


ie} 
fe) | 


4 
(kt). 
Figure 5. Experimental curve G(kt) 


Summary of data for all strip thicknesses and 
all frequencies of tin plate 


0.0095 inch—193 kilocycles 

0.007 inch—77 kilocycles, 193 kilocycles 

0.003 inch—77 kilocycles, 168 kilocycles, 
300 kilocycles 

0.00115 inch—88 kilocycles, 300 kilocycles, 
490 kilocycles 

9.6 kilocycles—O.32 inch, 0.028 inch, 0.005 
inch, 0.007 inch 
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Table I. Power Factor end Efficiency at 
9,600 Cycles 


Five-Foot Active Coil Length 


Strip Coil Per Cent 


Thickness, Power Coil Over-All 
Centimeters Factor Efficiency Efficiency 
0.02.. orleioerw Reaeiphas mista 
0.04.. 0.03. 44... ..33 
0.08.. 0.14. . 89. . -66 


the strip, the function G(Kt) becomes ~ 


equal to 1/2Kt, and equation 3for values 
“of Kt > 3 may be written 


~ 812610; 4 pie 
W= oe. eee E?V/ ufp 
watts per cubic centimeter (4) 


If it be assumed that the effective or 


proper value of permeability to substitute 


in equations 3 and 4 bears a constant 
ratio to the peak permeability (B/H) 


at the surface of the strip, it may be 


written 


and substituting in equation 4 gives 


1.26 10-4 


: /K,BH*fp 


watts per cubic centimeter (5) 


W= 


The equation was first tested by the 


‘ writer in this form and was found to 


agree well with experimental measure- 
ments on tin plate 0.010 inch thick in- 
duction heated with frequencies of sev- 
eral hundred kilocycles (large Kt values), 
when the constant K, was given the value 
1.8. Thus, for this condition it is found 
that the effective value of permeability 
to be substituted in the power equation 
is 1.8 times (B/H), the permeability at 
the surface of the strip corresponding to 
the peak magnetizing force, H. 

It was only natural to question whether 
or not this value of «4 determined at high 
Kt values could be used satisfactorily 
in equation 3 with the curve of Figure 3 
to calculate power input at low Ki values. 
To check this a series of tests was made 
using magnetic strip (tin-plate stock) 
ranging in thickness from 0.00115 inch 
to 0.032 inch and frequencies ranging 
from 9.6 kilocycles to 490 kilocycles. 
These tests are described later. 


Experimental Check of Equation 3 


Although induction heating is often 
applied to strip 36 inches or more wide, it 
was decided in view of the large number 
of measurements necessary to use for the 
test a section of strip 1.25 centimeters 
wide by 45 centimeters long, supported 
in a glass tube (two-centimeters inside di- 
ameter) as shown in Figure 4. The coil 
to carry the high-frequency current and 
produce the desired heating was five cen- 
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"WATTS PER CUBIC CENTIMETER 


O° 607>.80" ~100) 20 160 
MAGNETIZING FORCE (H) 


Figure 6. Power generated in 0.0095-inch- 
thick tin plate with various coil lengths 


Frequency—196 kilocycles - 
Coil lengths: 
o—39.3 centimeters 
x—29.5 centimeters 
A—90.8 centimeters 
O—12.0 centimeters 
v— 4.8 centimeters 


timeters in diameter and 39 centimeters 
long. It was wound with 61 turns of */;6- 

inch outside diameter hollow copper tub- 
ing and was water-cooled. The power 
input to the strip was determined from 

_ the rate of flow of water through the glass 
tube and its temperature rise. The tem- 
perature of the strip, which in most tests 
was near or slightly above the boiling 
point of water, was measured with a 
thermocouple. 


Calculation of Data 


In order to correlate the experimental 
results of many tests it was decided to 

‘ assume that the form of equation 3 was 
correct as written with the possible ex- 
ception that the G(K#) function of equa- 
tion 3 might not agree with the theoreti- 
cal curve of Figure 3 at low values of Kt. 
Solving equation 3 for this function gives 


2W107 

vllf 
By determining W by measurement, 
calculating H from the current and coil 


dimensions, evaluating p=1.8 (B/H), 
and inserting the value of measured fre- 


G(Kt) = (6) 
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0 20 40 60 #480 
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MAGNETIZING FORCE (H) 


120 140 160 


Figure 7. Power generated in 0.007-inch- 
thick tin plate at various frequencies 
A—335 kilocycles 
B—193 kilocycles 
C— 77 kilocycles 
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the measured power input in 


agrees well with the theoretical curve of 
Figure 3 except in the region of low Ki 


values. Thus, it is shown that one may 
~ use equation 3 to calculate power input 


for any value of Kt, but the experimental 
curve of Figure 5 instead of the theoreti- 
cal curve of Figure 3 should be used to 
evaluate G(K#). 


Evaluation of B and H 


B is the flux density in gauss corre- 
sponding to the peak magnetizing force 
H and is taken from the magnetization 
curve of the material to be heated. Usu- 
ally in induction heating it is necessary to 
make H greater than 60 to obtain the de- 
sired power input so that B may be given 
a constant (near saturation) value of 
18,000. 


P| a pba Sle 
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WATTS PER CUBIC CENTIMETER 


200 400 600 800 
MAGNETIZING FORCE (H) 
Figure 8. Induction heating of iron strip, 


9,600 cycles 


A—0.028 inch thick 
B—0.014 inch thick 
C—0.032 inch thick 
D—0.007 inch thick 


The magnetizing force was calculated 
in all cases from the equation, 


H=0.40 +/2nI oersteds 


n=turns per centimeter in coil 
I =rms amperes in coil 


(7) 


This equation is accurate only when the 
coil is long in comparison to its diameter 
or minimum cross-section dimension. 


Experimental Curves of Power Input 


The ranges of strip thickness and fre- 
quency used in obtaining the composite 
curve of Figure 5 is illustrated by the 
curves of Figures 6 to 13 inclusive. 

The curves of Figure 6 show the effect 
of coil length and indicate simply that 
for short coils, the value of H is not cal- 
culated accurately by equation 7. It is 
seen that the error is negligible for coil 
lengths greater than 20 centimeters, and 
all subsequent tests were made with a 
coil length of 29 centimeters (46 turns). 
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In this way an experimental curve for 
G(Kt) was determined and is shown ~ 
in Figure 5. It is seen that this curve ~ 


heating iron pipe 
‘valid for values of H as 


my « 


Figure 8 shows that 
power curves is quite differer 
strip and lower frequencies 
values). 4 ? 

Figures 9 to 13 inclusive show experi-_ 
ment points determined on the G( 
curve for various strip thicknesses | 
frequencies. In each case the theoret 
curve is shown dotted for comparison with — 
the experimental points. Most.of the 
points were calculated from measure- _ 
ments for which H was greater than 60. 
Where points were taken from tests in — 
which H was less than 60, the points are _ 
marked with a number corresponding to: ' 
the H value. In general these points do 
not correlate as well as points taken at 
higher values of H. — 


Limitation of Power Input to Strip 


The curves of Figure 14 show the 
power input to strips of various thick-_ 
nesses calculated from equation 3, and — 
the experimental curve of Figure 5. 
These curves are plotted in terms of W's 
the watts per square centimeter of strip — 
(W'=tW). As long as the depth of cur- — 
rent penetration (1/K) is less than about _ 
one third the strip thickness (Kt>3), the _ 
current in each face of the strip is equal — 
to the ampere turns of the coil and the | 
power input at constant frequency 
(9,600 cycles) increases as the 3/2 power 
of H. This condition is maintained for _ 
the 0.16-centimeter-thick strip even up © 
to the highest values of H indicated. 
When the depth of current penetration be- 
comes greater, due to increasing H, 
than one third the strip thickness, Kt < 3, 
the currents on the two sides of the strip 
begin to counteract, and the power input 
goes up less rapidly than the */2 power of 
H. This is illustrated by the curve for 
the 0.08-centimeter-thick strip, which be- 
gins to drop off at H=400. The curves 
for the 0.04-centimeter-thick and 0.02- 
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Figure9. Experimental values G(kt). 0.0095- 

inch-thick tin plate 


Frequency 193 kilocycles 
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De Ce a) shows 


=500. The copper loss and reactive 
volt-amperes of the coil increase approxi- 
mately with the square of H so that, as 
the power curve begins to flatten, the 
power factor and efficiency of the induc- 
ion-heating coil become very low. Thus 
it is evident that there is a definite prac- 
tical limit to the power which may be put 
into a strip of given thickness at any fre- 
“quency. If the frequency be increased, 


Power Factor and Efficiency at 


9,600 Cycles 
Ten-Foot Active Coil Length 


“Table Il. 


oe: Strip Coil Per Cent 5 : 
Thickness, Power Coil Over-All 
eer ieters Factor Efficiency Efficiency 
G08 ee Si A. 8 BOS 
afd LO 


4 - this limiting value of power is, of course, 
- iticreased. This is described in more de- 
tail in the next section. 


“aed 


Z Power Factor and Efficiency 


_ The power factor of the induction- 
_ heating coil is given by the equation 
WotW. 


Se lyr (8) 


_ where 


~W.=total power induced 
(watts) 
_W,=total copper loss in the coil (watts) 
V=coil voltage (rms volts) 


ZI=coil current (rms amperes) 


in the strip 


_ The coil efficiency is given by the equa- 
tion 
WX 100 
Coil efficiency = mere) (9) 
Wot W, 
_ To determine the value of the factors 
entering into these equations consider a 
coil arrangement as shown in Figure 15. 


1, =length of coil (centimeters) 
-b,=width of coil (centimeters) 
- bs=width of strip (centimeters) 
h-=smaller dimension of coil opening (centi- 
meters) 
t=strip thickness (centimeters) 


the strip is 


| 
_ From equation 3 the total power into 
| 
We =1/2uElftl:b G(Kt)10-7 watts 


(10) 


Or if His greater than 60 one may sub- 
stitute 


_1.8X18,000 
a H 


- Aprit 1945, VoLuME 64 


_very little increase in power input above 


in 1 equation 10 to obtain: 
Ww=1.62X 10-*fHtl,b ;G(Kt) watts 


It is shown in Appendix I that the copper 
loss in the coil will be approximately 


W_=2.31X10-" 1,beH? ~/f watts (12) 


It is also shown that the volt-amperes in 

the empty coil (no strip) are given by the 

equation, 

(VI)q=2.5K ,fH?hJ.b-X 10-8 volt-amperes 
(13) 


where 


K,=inductance factor of coil 


The total volt-amperes of the coil is 
made up of two components: the volt- 
amperes(VJ),due to air flux and (VJ); due 
‘to flux in the iron. This latter is the most 
difficult and uncertain factor to evaluate, 
but luckily its value usually will repre- 
sent a small part of the total volt-amperes 


- of the coil. The writer has chosen to cal- 


culate (VJ); by a method suggested by 
Rosenberg’s work? on eddy-current heat- 


ing. Although the assumptions made 


by Rosenberg seem very crude, they 
produce a power equation almost identi- 
cal with equation 5 of this paper when 
Ki=18. 

It is assumed that the flux density 
penetrates from each surface of the strip 


at the constant value, B, to a depth (6,)° 


at which point it suddenly drops to zero. 


Figure 10. Experimental values G(kt). 0.007- 
inch-thick tin plate 


o—77 kilocycles 
x—1.93 kilocycles 


4 5 
(kt) 


Experimental values G(kt). 0.003- 
inch-thick tin plate 


Figure 11. 


o— 77 kilocycles 
Xx—168 kilocycles 
O—130 kilocycles 
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(1) 


ES eclea 
| Leese 
real ibaa SE 


“(Kt) 
12. Experimental values 
0.0011 5-inch-thick tin plate 
o— 88 kilocycles 


x—300 kilocycles 
A—490 kilocycles 


Figure G(kt). 


This depth of flux penetration is given by 
the equation, 


5¢= 5,040 Vz centimeters (14) 
, Bf 

It is also assumed that the total flux 

varies sinusoidally in time and is in 


phase with the magnetizing force at the 
surface of the strip. 


On these assumptions Appendix II- 


shows that for the condition 6, < ¢/2 
volt- ~amperes in the coil due to flux in the 
iron is given by ~ 


(VI) ;:=5HfB5sb51-X10-* volt-amperes (15) 


If 5, be greater than ¢/2, equation 15 may 
still be used, but 5, must be replaced by 
t/2. That is, the flux in the strip can- 
not increase more after the depth of flux 
penetration becomes equal to one half 
the strip thickness. For convenient 
reference the depth of flux penetration 
is plotted as a curve in Figure 16. 
Because the primary resistance drop 
in the coil is negligible and because of 
the way (VJ); has been obtained, the total 
volt-amperes in the coil is represented by 


VI=(VDet (VD): (16) 


and one has all the factors necessary to 
calculate power factor and _ efficiency 
from equations 8 and 9. 


Typical Curves of Power Factor and 
Efficiency at 9,600 Cycles 


If it be assumed that the strip and coil 
are of equal width (a condition which only 
can be approached in practice) one may 
calculate W,, W,, and VI per square 


Power Factor and Efficiency. at 
200 Kilocycles 


Five-Foot Active Coil Length 


== al 


Table Ill. 


Strip Coil Per Cent 
Thickness, Power Coil Over-all 
Centimeters Factor Efficiency Efficiency 
0.02. (oul ierc .98 59 
0.04.. Celis 97 58 
0.08. 0.09.. .96 57.5 
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me THEORETICAL | 


EF 


ice ene + ire pints 
as =F se 


= 


centimeter of se sie using equations 8 


and 9 obtain general curves of power 
factor and efficiency. This was done 


' for the following set of conditions: 


7 


W,=0.226X10-4H? (17) 
W=15.5HIG(Kt) (18) 
(VI)qg=12.6X10-4H? (19) 
"(VID =8.62H3; (20) 


f=9,600 cycles per second 
p=22%10-* ohm centimeters ; 
K,=0.7 (equation 12) 
_B=18,000 
h.=7.5 centimeters 


The resulting equations obtained from | 


equations 11, 12, 18, and 15 and based 
on one square centimeter of strip are 


' From these equations and equation 8, 


values of power factor were calculated and 
plotted in Figures 17 and 18. Coil effi- 
ciency was calculated from these equa- 


tions and equation 9 and is plotted as 


curves in Figure 19. These curves indi- 
cate in a general way what power density, 
power factor, and coil efficiency can be 
obtained at 9,600 cycles when heating 
strips of various thicknesses. 

Consider now the possibility of using 
9,600-cycle power to brighten tin plate. 
This now is being accomplished with 200- 
kilocycle power under the following con- 
ditions: 


N=1,000 feet per minute 
p=22X10-* ohm centimeters 
c=0.12 
1, =152 centimeters (five feet) 
¢=0.018 centimeters to 0.03 centimeters 
@=250 degrees centigrade 


By substitution in equation 2 it is found 
that the power density necessary is 3,300 
watts per cubic centimeter of strip. 
Values of power factor and efficiency 
obtainable with this input, taken from 
the curves of Figures 18 and 19, are listed 
in Table I. The over-all efficiency is cal- 
culated assuming an efficiency of 75 per 


| THEORETICAL 
SA CURVE 


= 
a aas 
a 


0 
° { C2 =) 4m foun Oe a] 


(kt) 


- Figure 13. Experimental values of G(kt) for 


tin plate of various thicknesses 
Frequency—9.6 kilocycles 


o—0.032 inch thick 
x—0.028 inch thick 
O—0.014 inch thick 
4—0.007 inch thick 
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to put the necessary power | 


WATTS PER SQUARE CENTIMETER 
is) 
fe} 


thick stage nee ap 


strip under any condition. 


the 0.04-centimeter-thick strip, Sen is. 7: frequ 


thicker than most tin-plate stock, the 
efficiency and power factor are still too 
low to be practical. The 0.08-centimeter- 
thick strip could, however, be heated 
quite satisfactorily. 

In any case capacitors will be con- 
nected in parallel with the coil or in a 
series-parallel arrangement, as shown in 


_ Figure 2, to bring the power factor at the 


terminals of the generator essentially to 
100 per cent. 
Conditions could be improved some- 


-what by making the active length of coil 
twice as long (ten feet), as shown in - 


Table II. It is still impractical to heat 
the 0.02-centimeter-thick strip although 
the 0.04-centimeter-thick strip can be 
heated with this longer coil at an effi- 
ciency comparable to that obtained with 
the present 200- kilocycle ae ig heerte 
line. 

Since most tin-plate production is for 
a strip thickness of about 0.025 centi- 
meters, it is easy to see why the present 
installations were set up to use the higher 
frequency (200 kilocycles). One would 
not need to jump all the way from 9,600 


ae ae Mee 
ae eee 
ame 


fv 
$ 
° 


200 


eee 


400 
MAGNETIZING FORCE (H) 


600 


Figure 14. Watts per square centimeter of 
strip versus H 


Frequency—9,600 cycles 
- Strip thicknesses: 


A—O.16 centimeter=0.063 inch 
B—O0.08 centimeter =0.0315 inch 
C—0.04 centimeter =0.0157 inch 
D—0.02 centimeter =0.0078 inch 


SIDE VIEW 
Figure 15. 


BOTTOM VIEW 
Induction-heating coil 
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same Pe thickneweatn 


_ efficiency is obtained for all three st 


’ tion of operation for each strip thickn 


The results are shown by t 
of Figure 20. Since the ‘dept 
tration of flux and current at this 1 
frequency is less than half the strip 5 
thickness, even at the highest power 
inputs (high values of H), a single curve 
of power factor and a single curve f 

p 
thicknesses when plotting against watt 
per square centimeter of strip. The é | 
crosses on the curves indicate the condi- 


| 


with a strip speed of 1,000 feet per minute 
and a temperature rise of 250 degrees” 
centigrade. The values of efficiency and 
power factor are listed in Table III. * 
The over-all efficiencies are calculated on 
an assumed efficiency of 60 per cent for 
the radio-frequency generator (vacuum-_ 
tube oscillator). Comparing Tables I 

and III one sees that, whereas the 0. 02- 
centimeter-thick strip could not be 
heated at 9,600 cycles, it can be heated 
more efficiently than thicker strips at 
200 kilocycles. The 0.04-centimeter-_ 
thick strip can be heated more efficiently 
at 200 kilocycles than at 9,600 cycles with — 
an active coil length of five feet; how- 
ever, by going to a coil twice as long this” 
strip can be heated about equally well 
at both frequencies. The0.08-centimeter- 
thick strip can be heated more effi-. 
ciently at 9,600 cycles than at 200 kilo- 
cycles. , 


Coil Voltage and Current 


The equations in the body of this paper 
have been kept in terms of volt-amperes 
in the coil rather than considering volt- 
age and current separately. Knowing 


DEPTH OF FLUX PENE- 
TRATION-CENTIMETERS 


fe) 400 
PEAK MAGNETIZING FORCE (H) 


Figure 16. Depth of flux penetration in iron 
at 9,600 cycles 
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* p=22X10-® ohm-centimeters . 
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POWER FACTOR 


: Soe 
{ine al a 


0) 20) “Zo! a 80 100 120 140 160 180 
WATTS PER SQUARE CENTIMETER OF STRIP 


igure 1 7. Coil power factor versus watts per 


Strip thicknesses: 

— A—O.08 centimeter =0.0315 inch 
B—O0.04 centimeter =0.0157 inch 
C—0.02 centimeter =0.0079 inch 


1600 
WATTS PER CUBIC CENTIMETER OF STRIP 


Figure 18. Coil power factor versus watts 
_ per cubic centimeter of strip, 9,600 cycles 


° 
te) 800 Ho 3200 


Strip thicknesses: 
A—O.08 centimeter =0.0315 inch 
B—O0.04 centimeter =0.0157 inch 
C—0.02 centimeter =0.0079 inch 


_ the total volt-amperes of the coil, one 


_ may, after fixing on the number of turns | 


__ per centimeter, determine the cdil current 


7 


_ from the value of H necessary to obtain 


the desired power density in the strip. 
The volt-amperes of the coil divided by 
this current will give the voltage across 


- the coil with this current flowing. 


Conclusions 


Some heat can be generated in magnetic 


; strip at even low frequencies, but there 


is for every strip thickness and frequency 
a definite practical limit to the density 
of heating possible. For any strip thick- 


_ ness and frequency the power factor and 


coil efficiency drop off with increasing 
power density as shown by the curves of 
Figures 17 to 20 inclusive. At strip 
speeds of 1,000 feet per minute and a 
temperature rise of 250 degrees centi- 
grade, strips thicker than 0.04 centime- 
ters (0.0157 inch) can be heated satisfac- 
torily at 9,600 cycles. For thinner strips 


-vacuum-tube or other type of generator 
must be used to supply a higher fre- 


quency. If the temperature rise be in- 
creased, the strip speed must be reduced 
proportionately to keep the power den- 
sity constant. 

Iron or steel strip cannot be heated 
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te) 1900 2000 3000 
WATTS PER CUBIC CENTIMETER 


Figure 19. Coil efficiency versus watts per 
cubic centimetey of strip, 9,600 cycles 
Strip. thickness: 


A—O.08 centimeter =0.0315 inch 
B—0.04 centimeter =0.0157 inch 
_ C—0.02 centimeter =0.0079 inch 


economically above the Curie point 


(700 to 800 degrees centigrade) by in- 


duction heating as described in this paper. - 


. Appendix | 


. Coil Copper Loss 


Consider a coil consisting of a single wide 


_ sheet of copper forming a turn around the 


strip to be heated. Current supplied to 
this turn will concentrate almost entirely 
on the inside surface, and, if the current be 
adjusted to give a magnetizing force, H, in 
the space between the coil and the strip, the 
copper loss in watts per square centimeter of 
inside surface will be just that which would 
be produced by induction heating a sheet of 
copper in a magnetic field of strength, H. 
This can be shown to be’ 


W =0.63 X 10~-4H? +/py watts per square 
centimeter (21) 


Substituting the value p=2X10-° ohm 
centimeters for copper and multiplying by 
the total inner surface area of the coil, 
2b,J-, gives for the total power 


W,!=1.78X10-%J,H? +/f watts 


Experience indicates that with a turn spac- 
ing of from one fourth to one conductor 
diameter, the actual loss is approximately 
1.3 times that indicated by equation 22 or 
the total copper loss is 


W,=2.31X10-1,b,H? +/f watts 


The number of turns obviously does not 
enter into the calculation of total loss. 


(22) 


(23) 


Volt-Amperes in Coil Due to Air Flux 


The strip usually will occupy such a small 
fraction of the total volume of the coil that 
the volt-amperes due to air flux may be 
considered equal to the volt-amperes of the 
empty coil. 

If the ratio of coil section length to the 
minimum dimension of coil opening (J,/h,) 
be greater than four, the heating observed 
seems to justify the use of the equation, 
H=0.49 ~/2nI oersteds (24) 


to calculate the peak value of magnetizing 
force in the coil. However only part of the 
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he fact en SQUARE CENTIMETER 


Figure 20. Coil power factor and efliciencya 
versus watts per square centimeter of strip, — 
200 kilocycles 


A—t=0.02 centimeter 


(1,000 feet 
minute) ‘ 
B—t=0.04 centimeter (1,000 feet per 
minute) : 
ae 0.08 . centimeter (1,000 feet per 
minute) 


total flux bie cuts all the turns of the 
coil. The voltage induced in the coil is 


= \/2nfnl-K yb¢ieH 10-8 volts (rms) (25) 


where K;,=voltage factor of coil and has a 


value of about 0.7 when the ratio /,/h, is 


between four and six. Ky, will approach _ 


unity for a long coil. 
The current in the coil from equation 24 is 


[=——> amperes (rms) (26) 


0.49+/2n 


Multiplying equations 25 and 26 the volt- 
amperes of the coil due to air flux is found to 


-be 
(VI)q=2.5K,fH*h.b;X10-% volt-amperes 


(27) 


Appendix Il. Volt-Amperes in 
Coil Due to Flux in the Iron 


If flux penetrates at density B to a depth 
3, from each surface of the strip, the total 
flux in the iron is 2b,6;,B. The voltage in- 
duced in the coil by this flux is 


Vi= VW 2xfnl2b55;B X 10-8 


Multiplying this by the coil current from 
equation 26 gives for the coil volt-amperes 
due to flux in the iron, 


(VI),:=5HfB5;b31-X 10-8 volt-amperes (29) 


(28) 


- It is obvious, as indicated in the body of the 


paper, that, if 6; becomes greater than one 
half the strip thickness it must be replaced 
by ¢/2. 
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Distribution In  Teancionner Cer | 


and Other Electric Apparatus 


of Rectangular Cross Section 


-* THOMAS JAMES HIGGINS 
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HIS paper comprises solution of a very 

general problem in the mathematical 
theory of heat; application of it to effect 
formulas for the temperature distribution 
T, the maximum temperature T,,, and 
the average temperature JT, in trans- 
former cores; and indication of its use 
with reference to other electric apparatus 
of rectangular cross section and of such 
general shape that the temperature dis- 
tribution is essentially two dimensional. 
As theory indicates and experiment con- 
firms that this condition is often fulfilled 
in practice, these formulas ought to be 
_ of considerable interest to designers of 
such equipment. For, commonly, the 
maximum electric loading of an electric 
device is determined by the permissible 
maximum or hot-spot temperature in it. 
Hence knowledge of this maximum tem- 
perature and of the temperature distribu- 
tion in general is desired by the designer 
faced with making up new designs, im- 
proving operating performance of existing 
designs, or deciding upon maximum, yet 
safe, overload limits for apparatus already 
in service. 

This work falls naturally into two 
parts. The first encompasses statement 
of the problem in the theory of heat; 
mathematical formulation of this prob- 
lem, solution for the general temperature 
distribution, 7, by the well-known 
method of expansions in infinite series, 
and derivation therefrom of formulas for 
the maximum and average temperatures, 
Tm and T, and expression of special forms 
for T, T,,, and Ty. The second part 
embraces interpretation of the formulas 
derived in the first in reference to applica- 
tion to transformer cores; illustration of 
use thereto through calculation of the 
maximum temperature in a specified core 
and comparison with the corresponding 
experimental value; discussion of appli- 
cation to calculating temperatures in 
’ toroidal electric coils of rectangular cross 
section; and mention of other uses. 


Derivation of Formulas 


STATEMENT OF PROBLEM 


The axis of a homogeneous infinite 
rectangular cylinder coincides with the z 
axis of a system of rectangular co- 
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ordinates; the sides of the rectangular 
cross section, S, of width 2a and height 25 


are directed parallel to the x and y axes 


(Figure 1). The thermal conductivities 
in the x and y direction are k, and ky. 
The rate of internally generated heat 
density is go(1+ao7), where of go and ao 
are arbitrary constants. From the face 
of the cylinder f; (:=1, 2, 3, 4) heat is 
transferred to the adjacent medium ac- 
cording to the relationship, T—Ti= 
—K,0T/on; where of n denotes the out- 
ward drawn normal to fi; 


Figure 1 


wherein R; designates the surface thermal 
resistivity of f; and k, the thermal.con- 
ductivity in the direction of n; and regard- 
ing a point in f;, T and T; are respectively 
the corresponding temperatures in the 
cylinder and in the immediately adjacent 
ambient medium. Norestrictionis made 


as to the distribution of T; over f; except , 


that it be expressible in a generalized 
Fourier series. What is required is the 
temperature distribution T(x, y), the 
maximum temperature 7, and the 
average temperature 7, of the cylinder. 


Paper 45-39, recommended by the AIEE committee 
on basic’ sciences for presentation at the AIEE win- 
ter technical meeting, New York, N. Y., January 
22-26, 1945. Manuscript submitted November 13, 
1944; made available for printing December 27, 
1944. 


Tuomas JAMES HIGGINS is associate professor of 
electrical engineering, Illinois Institute of Tech- 
nology, Chicago, III. 
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T- T= 


Ki=Rikn, : 


i n= Seana 
KPT /d« se ues 
T-T=—KeT oy .y=b 

Cre las KT/dy 
Rearranging equation 1 yields 
227 /dx?-+kO2T /Oy?+ C2T = — C’ 


nf yanb 


wherein | 
k=ky/Rz; C?=qoa/ke; C' =qo/kz M~ 
- Rearranging equations 2 to 5 yields k 
T+K,0T /ox= ZS; cos(siy-+sy’) x=a 
i-1 i 
= 3 ABR 
P= Ks01,/ OU=— ooh. ase <= —a 
i-1 . 
(9) 

T+K RT Py= 2 Pi PPE we pi!) yEv 
(10) 


T-KT/oy= 


DP’ cos(pict+pi’) y=—b 
1 ( 


11) 


wherein the right-hand members are. 


respectively the generalized Fourier ex- 
pansions of 7, and T, over —b<y<b and 
of T; and Ty over —a<x<a. 

The procedure for solving equation 6 
pursuant to equations 8 to 11 is: Sym-_ 


bolize the left-hand member of equation 6 
as an operator V = (02/dx?+ kd?/dy?-++ C?)- 
operating on J, and find a particular 


solution of equation 6. Add to this func- 
tions F involving arbitrary constants so 
related that V F=0, whence the resulting 
sum is also a solution of equation 6. 
Substitute this resulting expression in 
equations 8 to 11. Solve the resulting 
set of equations for values of the con- 
stants, whence J is now determined. 
Thus, we assume T to be of the form 


T=DA; cos(mgx-+-m;') cosh (nyy-+i')+ 


tH1 


DB cos(pix+ pi’) cosh (quy+gi') + 
2 C; cosh (rx-+14') cos (sxy+s4') + 
t-1 


> Dicos (mix+my') 


i-1 


(12) 


Substituting equation 12 in equation 6 
yields 
D Au(— mit bntt C?) cos (mix-+m,') X 
: cosh (nyy-tn,!)-+ 
D B= bi +kq?+ C?) X 

cos (pix-+ p;') cosh corned 
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m= [(m2?—- 


= have from equation 13 


= Dit— = wet C?) cos bel ict) =—C’ (17) 


7 


re- 


a4 


ty 


ks BC) cosh oan) ms 
ps is: oy c0s (so-t51)+ 


(14) 


—C%)/ky" 
—c») /Ry/ ; (15) 
r= (ks@— C8)" (16) 


2 


Now as derived in the appendix, the 
ear Fourier expansion es me is 


2 2 
4 —C'=—) (4C’ sin ma cos m,') (2ma+ 


ia 


ce 


ix 
sin 2m,a cos 2m,')—! cos (mix+m,’) (18) 


Comparing corresponding coefficients of 


the cosine terms in the left-hand member 


rm 


of equation 17 and the right-hand mem- 
_ ber of equation 18 we find for D; 


_ D,=(4C' sin mia cos my’)(me2—C?)“*X 
(2ma+ sin 2mia cos 2m,')~! (19) 


_ Accordingly, equation 12 satisfies equa- 
‘tion 6 pursuant to equations 14, 15, 16, 


and 19. We proceed to determine values 
of the remaining constants such that 
equation 12 will satisfy the boundary 


~ conditions. 


Substituting equation 12 in equations 8 
to 11 yields 


e >} A,[cos (ma+m;') —Kim,X 


i-1 
sin (mya+my,')] cosh (nyy-+ni’) + 


D Bi [cos (pia t+ bi’) — KipiX 
i-1 
sin (pia + pi’) ] cosh (qiy+a1’) + 


ao 


— D Ci[eosh (ria +11") + KirixX 


i-1 


sinh (r4a+1;')] cos (syy+si') + 


> D,{\cos (mat+m,') —KimiX 
t-1 


sin (matmi’)]=Z Sicos (sievt+si’) (20) 
i-l 


> Aileos (mia— mi’) —KomiX 
i-1 
sin (m4a—m;!)] cosh (nym) + 


2 B,{cos (pia— bi’) — K2piX 
1 
sin (pja— pi’) ] cosh (qiy +i’) + 


ao 


22, C;[cosh (rya—14') + KoriX 
i-1 . 


sinh (rja—714')] cos (sxy+si’) + 


DY Di [cos (ma —m,') —KomiX 


i-1 


sin (ma —mi')|=2 Si/ cos (sey+si’) (21) 
=1 


> A 1 {cosh (nib + n1') +KeniX 


i-1 


sinh (n¢b-+m4') cos (max+m4') + 
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5 B,{cosh. (ab+a0" + Kix 
sinh (qib+a')] cos (bert pi) + 


z Ct Kees (sb-bs/)— -KssiX 


sin (syb-+s;')] cosh Neves. 


> Di; cos (mib+m;,') = 
i-1 


“3 P,cos (pix+pi') (22) 


i-l 


> Aj|cosh (nib— nj’) + Kani X 
ie sinh (njb—mnz')] cos (mix+ m4! ) + 
DB, [cosh (gab — qi’) + KugiX 

sinh (qi — gi’) | cos (bax t+ pi’) + 
> C; [cos(sib—s4’) —KasiX 3 
- sin (sy—s;')] cosh (rari) + 


D Di cos (mx+-m;') = 


i-1 


2 Re coe (pix +br’) (23) 
=1 

When we take in equation 20 
tan(ma+m,') =1/Kim, © (24) 
tan(patp;’) =1/Kipi _ (25) 


the first, second, and fourth terms of the 
left-hand member disappear and we have, 
on equating coefficients of corresponding 
cosine terms, 


C,[cosh (ria+r7’) + Kir; sinh (r;a sey e=iS 37 


(26) 

Similarly, if in equation 21 we take 
tan(ma—m,;') =1/Kem4 (27) 
tan (pya— pi’) =1/Kopi (28) 
we obtain 
C,[cosh (rya—14') + 

Kor, sinh (r3a—73') ]=Si’ (29) 
From equation 22, providing 
tan(sb+s,') =1/Kasy (30) 


Ajlcosh (nib+-ni') + 
K3n4 sinh (nyb+n, "jJ+D,=0 (31) 


we obtain 


B, {cosh (qib+i') + 
Kg; sinh (qib+qi') =P: 


Finally, from equation 23, providing 


(32) 


tan(sqb—s;’) = 1/Kas; 


A,[cosh (nyb—n4') + 
Kun; sinh (nqb = ny) ]+D; =( (34) 


(33) 


we obtain 


B,{cosh (qib—4@;’) + 


Kuq sinh (qib—9i')J=Pa’ (35) 


Solving equations 24 and 27 simultane- 
ously yields the values of m;, and m1’; 
similarly the values of Pr and p,’ and of s; 
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and s;' are Amiched! by cianfahiends > 


solution of equations 25 and 28 and of 


equations30.and 33. Nomogramsafford- 
ing graphical solution of these pairs of | 


equations are to be found in reference 2. 


Inasmuch as mi, py and s; are deter- 
mined, equations 14, 15, and 16 respec- © 


tively yield 1, 4 and ri; But nm, now 
being known, ni and A, are the only 


unknowns in equations 31 and 34. Ac- | 


cordingly, equating the right-hand mem- 


~ bers, canceling D; and then A;, expanding 
the hyperbolic terms, and solving for _ 


tanh mt and thence n;’, we have 


ny = tanh! (K,— Ks) [(2/ n)+ 


(K3+K,) coth 2,b]-! (36) 


In equations 31 and 34 A;is now the only 
unknown. Thus, from equation 31 


A,=—D,[{cosh (nb+n4')+ 


K3n; sinh (nyb+n;') i (37) 


Again, r; being known in equations 26 
and 29, r;! and C; are the only unknowns. 
Thus, dividing left and right-hand mem- 
bers of equations 26 and 29 to eliminate 
C,, expanding the hyperbolic terms, solv- 
ing for tanh r;’ and thence r;’, we have 


[(cosh ra+-Kir; sinh r4a)S;!— 
(cosh rya+ Ker; sinh rya).S;] 


[(sinh rya+Kir; cosh r;a)S;/— 
(sinh r7a+ Ker; cosh 77a) Sj] 


ft; = tannin 


(38) - 
In equations 26 and 29 C; is now the only 


unknown, Thus from equation 26 


C= Sifeosh (rari!) + 


Kir; sinh (raatr,’) (me (39) 


In analogous fashion we obtain from 
equations 32 and 35 


[(cosh gyb-+Kaqi sinh gb) Py! — 
(cosh gyb-+Kaqi sinh gb) P1) 

[(sinh gyb-+Ksq; cosh gyb)Py'— 
fora qib+ Kagi cosh gyb)P;} 
(40) 


qi’ = tanh7! 


and 


B,=P,{cosh (qib+94') + 


Ksqi sinh (gb+qi)]- (41) 


Accordingly, all constants in equation 12 - 
being determined, we have the complete - 


solution for T. 


SOLUTION FOR JT'm 


T is a function of two variables.. The 


form of T—the sum of four infinite series | 


—renders unfeasible determination of the 
maximum temperature by application of 
the rules of the calculus for determining 
maxima and minima of functions of two 
variables. In general, the maximum 
temperature is to be ascertained by plot- 


ting the temperature distribution over 


that region of the cross section which a 
preliminary calculation, or consideration 
of given physical conditions, indicates as 
encompassing Tm. If, however, the 
temperature distribution be symmetrical 
about each of the co-ordinate axes (that 


TRANSACTIONS 191 


: * Thay eae 
. tees ; 


i 
ey ak ke, 5.=5/, : 
~ Tp occurs at x=0, y= 0. Hence, for this. 


case, which, in fact, is that usually en- 


“2 


“y aie ait . C; cosh 7,’ cos s;’+ 


oy 3 D; cos:m,' 


# eoumlees | in practice 


T.=d A;cos mj; ech ni + 2 Bs cos Din 


tel 


(42) 


¢ i-l 


Re tex FOR Tq 


The average temperature Tg over. the 


cross section is given by | 


Ta=(/ub) fo, f_T dx dy 


Substituting equation 12 in equation 43 
and integrating yields 


(43) 


Ta=(1/ab) [2 A; sin ma cos m,’ sinhX | 
i-1 


nib cosh n4!/mynit 
foo) 


> Bysin pia cos Pp,’ sinh X 
ne 
qib cosh g4'/Pigit 


> Cz sin s;b sin s;’ sinh X 
i-l 


ra cosh 74! /rysy+ 
eo 
> Db sin mia cos m,'/nj] 
f-1 
SPECIAL FORMS 


For reasons which will follow it is con- 
venient to have the equations that stem 
from expressing the temperature in the 
form 


T=T'+T;; Ty=Ti'+Ts (45) 


wherein J; is an arbitrary constant. 
Substituting equation 45 in equation 1 
yields 


O27! /Ox?+kO?T" /dy?-+ C2T’ = —C" 


(46) 
wherein 
C” =qo(1+a0Ts)/kz - (47). 


Substituting equation 45 in equations 2 to 
‘5 yields 


T'—T;'=—K,oT'/dx  x=a (48) 
T'—T,’ =K.0T' /oy y=-a (49) 
T'—T;'=—K,T'/y  y=b (50) 
(T'-Ti =KeT' [oy y=—b (51) 
wherein 
T/ =T;—-T, (i=1, 2,3, 4) (52) 


By virtue of the formal identity of equa- 
tion 46 with equation 6 and of equations 
48 to 51 with equations 2 to 5 we have at 
once that the solution for T’ is afforded 
by that for T, if therein we replace C’ by 
C” and interpret S;, S;’, P;, and P;’ as 
the coefficients of the generalized Fourier 
expansions of, respectively, T;’, To’, Ts’, 
and 7,’. A similar conclusion holds for 
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T for te De calle iportar case af ae 
For then, inter- 
preted as the Fourier coefficients of Ty’= 

=0, Siu =P,=P/=0; 
and the boundary equations for T’ are 
much simpler than’ the corresponding — 
equations for T. Whence T’, and eet 


T1=T2=T3=Ts=T;. 


Tt 2 SiS fre 


T=T'+T,, can be found more quickly 
than could T, if this latter were to be 
evaluated directly from the equations 
given in stating the problem. 


Application of Formulas 


TRANSFORMER CORES 


Formulas for calculating temperature 
distribution in transformer cores of rec- 
tangular cross section have been derived 
by Cockroft,! Roth,? and Buchholz.’ 
Their procedures are alike: determina- 


tion of the desired formulas is posed as a - 


boundary-value problem in the mathe- 
matical theory of heat (in fact, as a special 
case of that treated in stating the prob- 
lem). Solution of this problem is 
effected in some well-known fashion. 
That the assumptions enabling pose of 


_ temperature determination as a bound- 


ary-value problem in heat theory are 
valid under appropriate geometrical con- 
ditions is confirmed by the excellent 
agreement obtained by Roth between 
corresponding experimentally and ana- 
lytically (from his formula) determined 
values of the temperature at points in the 
cross section of a small single-phase trans- 
former. That the boundary conditions 
of practice are as indicated by equations 2 
to.5 is substantiated by Cockroft’s plots 
of data obtained from transformer-core 
temperature investigations sponsored by 
the Metropolitan-Vickers Company. 
Cockroft considers the case of uniform 
generated heat density with thermal re- 
sistivity different on adjacent sides but 
identical over opposite sides in the adja- 
cent ambient medium. Roth extends 
Cockroft’s solution to encompass thermal 
resistivity different on each side; addi- 
tionally, he advances the solution for 
nonuniform generated heat density with 
thermal resistivity different on each side. 
This latter work encompasses Buch- 
holz’s consideration of nonuniform gener- 
ated heat density and boundary condi- 
tions of thermal resistivity identical over 
all sides and uniform temperature of ad- 
jacent ambient medium. Yet Roth’s 
solutions, the most general available, do 
not encompass such practically important 
cases as that of a core with oil duct 
through the cross section (hence a non- 
constant temperature distribution in the 
ambient medium along the lower edge of 
the upper half of the cross section) and 
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temperature distribution in t the am’ 
medium as a generalized Fourier s 
and through appropriate ‘substitutic 
these data obtain T, Tm, and T,. 
Values of the just mentioned phys: 
constants for typical: materials are to b 
found in the papers of Cockroft, Roth | 
(exhaustive treatment), and Buchholz. — 
The value of go, the rate of generated heat 
density due to eddy currents and hys- — 
teresis losses, can be calculated from well- _ 
known formulas. ; 


A NUMERICAL EXAMPLE 


To illustrate application of the formulas 
derived in the first part of this paper to — 
calculation of transformer temperatures 
we consider the following problem: to — 
calculate the maximum temperature rise — 
in the single-phase SEUSS tested by 
Roth. 

Given Data. 


Suess trans- 
former with rectangular cross section, — 
a=4 cm, b=6.75 cm, laminations paral- 
lel to edges 2a; measured maximum tem- 
perature rise equals 85 degrees centigrade _ 


above temperature of ambient medium; 


transformer gives up heat to ambient | 


medium, which is air at temperature T;; 
core loss=0.0678 watt per cubic centi- 
meter. 
Derived Data. We have k,=0.32 — 
watt per centimeter per degree centigrade; — 
ky=0.005 watt aos centimeter per degree 
centigrade; =u; Ri=R.=1,000/3 
square ae per watt per degree 
centigrade; R3;=R,=1,000/1.92 square 
centimeter per watt per degree centi- 
grade—values given by Roth as typical 
for the transformer tested. Hence, K,= 
K,=Rikz=106.6 centimeters; K;=K,= 
Rsky=2.6 centimeters. Inasmuch as no 
specific statement is made, we assume 
that the given core loss is the steady-state 
or hot core loss per unit volume of core. 
Necessarily, therefore, we consider it the 
average operating core loss and neglect 
nonuniformity due to temperature dis- 
tribution. This assumption implies, as 
reference to equations 1 and 7 substanti- 
ates, that qg=go(1+ aol) 0.0678 watt 
per cubic centimeter; whence C?=0 and 
C”=q/k=0.212. It is to be expected 
that in this instance no appreciable error 
is introduced by the neglect of nonuni- 
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the temperature coefficient 
istance; the slight error introduced 


be compensated by other small 
y uniform magnetic field on the dis- 


_ Formula for Tm’. Making use of the 
special forms already given, we have 


ield n;!=C;=B,=0. Accordingly, by 
equation 12 we need determine further 
only m;, mi’, ni, A,and B; Equations 24 
and 27 yield m’=0 and tan ma= 
(Kym,)—, and from equation 14 we obtain 
i nm=mi/k'?. With these values we ob- 
tain from equations 19 and 37 


 Dy=4C" sin ma/m?(2ma+ sin 2m,a) 
_ A,=—4C" sin ma /m?(2m,a+ sin 2m) X 
_— (cosh njb+Ksn, sinh n4b) 


4 Finally, substituting appropriately in 
4 equation 12 and taking x«=y=0, we have 


f ~~ sin 2m4a)|[1— (cosh nzb+ Kani X 


- sinh n,;b)-1] (54) 


© Tm! =4C"D [sin ma/me2mat+ 
i t-1 
: Numerical Values of Tm and Ta. 
_ Using the above derived values of g, kz, 
 k,, Ky, and Ks, we find by direct calcula- 
tion ’ 
= ; 
— ma=0.1925; m,=0.0481; m=0.3848; 
2 nb =2.605 
moa =3.1535; m2 =0.7884; Nz =6.3072; 
nob = 42.57 
sin ma=0.1913; sin 2ma=0.3756; 

cosh mb =6.802; sinh mb =6.728 
sin ma= —0.0124; sin 2m.a =0.0248; 

cosh m2b= sinh mb > 10% 


Ms Substituting appropriately in equation 
54, we obtain 


EY T.,’=85.3°—0.00216°+.... =85.3° 


This value is but 0.3 degrees centigrade 
greater than the measured value. 


- 54 converges so rapidly that it is necessary 
to use only the first term! All computa- 
tions were performed on a 20-inch slide 
rule; values of trigonometric and hyper- 
bolic functions are taken from standard 
tables having arguments in radian meas- 
ure. 


ELECTRIC COILS 


A current-carrying toroidal coil of rec- 
tangular cross section, comprised of many 
turns of insulated wire of circular or of 
rectangular cross section, is an important 
component of many electric devices. 
Commonly, the coil is either exposed to 
the atmosphere—as, for example, are the 
field coils of a dynamo—or is submerged 
in a liquid—as, for example, are the coils 
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for example, the effect of the not - 


tribution of hysteresis losses and so forth. 


Note that the infinite series of equation 


lit cog taal pac. = 
of a transformer. Usually, conditions 
are such that the temperature distribution 
in the coil is substantially independent of 
the angular co-ordinate of a system of 
cylindrical co-ordinates, the longitudinal 
axis of which is the axis of the coil. Ifso, 
the temperature distribution is two- 
dimensional, that is, it is the same over 
any cross section of the coil. 

In use the heat generated in the coil 
results in a general temperature rise 
throughout the coil. 


found in the cross section. By virtue of 
the assumed angular symmetry this 
maximum temperature is the maximum 
temperature in the coil. Now, in that the 
permissible maximum coil current is that 


which produces a. specified maximum 


temperature in the coil, and in that the 
hot or operating resistance of the’ coil de- 
pends on (and can be calculated from) the 
average temperature of the coil, formulas 
for predetermining the temperature dis- 
tribution, maximum temperature, and 
average temperature are of considerable 
interest to the designer of toroidal coils. 

A comprehensive discussion of the 
physical bases underlying derivation of 
such formulas comprises a recent lengthy 
paper by the writer. For explicit details 
the reader is referred to this paper. For 
present purposes it suffices to remark that 
following epitomization of the work of 
Binder,®> Humburg,® Jakob,’?* Ott,® 
Punga,!° Rogowski,!!!2 and Vidmar,!* a 
careful consideration of the individual and 
collective effects of the various physical 
and geometric factors involved leads to 
the conclusion that, if a toroidal coil, 2, is 
comprised of many turns of thinly insu- 
lated wire of comparatively small cross 
section, ii is of rectangular cross section, 
and iii is of a ratio of outer to inner 
radius greater than (roughly) two, deter- 
mination of T, Tz, and T» for the coil— 
internally generated heat and change of 
wire resistance with temperature being 
taken into account—can be posed as a 
more or less complex two-dimensional 
boundary-value problem in the mathe- 
‘matical theory of heat, capable of solution 
by known methods. Illustratively, the 
solution for the boundary-value condition 
of constant surface temperature is ob- 
tained and it is shown that this solution 
encompasses, as special cases, the earlier 
analytic solutions of Humburg,® Jakob,’ ® 
and Rogowski.1!)!2 

The more important problems that 
arise in practice are, however, not encom- 
passed in the comparatively simple bound- 
ary condition of constant temperature. 
Experiment shows that the boundary 
condition is commonly that of equations 2 
to 5. Solutions for such a boundary con- 
dition have been advanced by Roth? and 
Buchholz.14 The latter takes into ac- 
count variation of wire resistance with 
temperature but considers only the case of 
constant temperature in the adjacent 
ambient medium with the same thermal 
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resistivity on opposite sides of the rec- 
tangular cross section. On the other 


hand, though Roth encompasses a ther- — 


mal resistivity and a (constant) tempera~ 
ture of adjacent medium different for each 


of the four sides of the rectangular cross 
section, he has not—because (as he | 


states) of the analytic difficulties in- 


- volved—taken into account the change in 


resistance of the wire with temperature. 


Thus, though the formulas of Buchholz — 


and Roth cover a number of problems 


actually encountered in practice, they do - 
not cover problems of such practical im-— 


portance as that of calculating the tem- 
perature in a rectangular toroidal coil 
wound in the slot of a spool, wound 


around a heat-conducting core, or other- 


wise so disposed that the thermal resist- 
ances on the sides are such that they are 
not encompassed in Buchholz’s solution 


_ and whereof the electric loading is such 


that change of wire resistivity with tem- 


, perature has a marked effect on the tem- 


perature distribution over the cross sec- 
tion (the considerable influence of even 
small variations over the cross section in 
wire resistivity is strikingly illustrated by 
the curves contained in Jakob’s paper). 
The solutions of such cases and of many 
others are, however, afforded by the formulas 
derived in the first part of the paper. ‘Thus, 


we need only interpret k, and ky as the - 


equivalent thermal conductivities of the 
coil (analytic methods of calculating 
these and physical data essential thereto 
are to be found in References 2 and 8); 
ay as the temperature coefficient of resist- 
ance at zero degrees centigrade of the coil 
wire; go=I?Ro/V whereof J is the coil 
current, V the coil volume, Ro the resist- 
ance of the coil at zero degrees centigrade; 
and R, the appropriate surface thermal 
resistance of the coil (numerical values 
for various materials are to be found in 
Reference 2). Then we express the tem- 
perature distribution in the ambient 
medium adjacent to each of the four edges 
in terms of its equivalent generalized 
Fourier series and through appropriate 


substitution of these data obtain T, Tm, - 


and T, from equations 12, 42 (if applica- 
ble), and 44 or from the equivalent equa- 
tions 45 and 53. 

In that calculation of the temperature 
distribution in electric coils by the formu- 
las mentioned involves nothing not al- 
ready demonstrated by the numerical 
example given, it does not seem desirable 
to take space for additional calculations 
on electric coils. The interested reader is 
referred to the numerical examples to be 
found in the writer’s‘ first paper on tem- 
perature distribution in electric coils and 
in an unpublished paper wherein formu- 
las,. expressed in Fourier—Bessel series, 
are derived for coils of such radii that the 
toroidal geometry must be taken into 
account. In each example calculated 
values are found to be in close agreement 
with corresponding values determined by 
experiment. 
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OTHER APPLICATIONS 


The formulas derived in the first part 
of the paper are applicable to the deter- 
mination of temperature distribution in 
bus bars of rectangular cross section, in 
conductors of rectangular cross section ly- 
ing in the armature slots of large rotating 
machines, and to problems in other 
physical domains that are defined by 
equations 1 to 5 and proper interpretation 
of the symbols therein. 


Appendix 


Over the range —aSxSa a function 
f(x) that satisfies certain necessary condi- 
tions (usually fulfilled by functions en- 
- countered in actual practice) can be ex- 
panded in a generalized Fourier series 


#(x) = z M; cos (mx+ My’) 


whereof 
tan (ma+m,’) = Ci/m; 
tan (mja—m,') =Co/m; 


C, and C, are arbitrary constants, and MW 
_ is given by 


M,=2m,(2mj,a+ sin 2m,a cos 2m,')-1X 
il es f(x) cos (m+ m;,')dx 


Illustratively, if f(x) =—C’, we have 


M;=—2m,'C'(Qm a+ sin 2mjaX 
cos 2my')-? [°% cos (mx+mi')dx 


= —4C’ sin ma cos m;' X 
(2m,a+ sin 2m,a cos 2m;')— 


and 


ao 


—C’=— 2 4C’ sin ma cos mj! (2ma+ 
i-t 


sin 2m,a cos 2m,’)—! cos (myx+m.,’) 
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Synopsis: This paper is written to present 
test data confirming the accuracy of the re- 
verse-rotation test for stray-load loss** in 
polyphase induction motors. This method is 
the most convenient yet proposed for direct 
measurement of stray-load losses in squirrel- 
cage motors, and it is recommended that it 
be included in the AIEE Test Code for 


Polyphase Induction Machines.” Proposals — 


for this revision are made. 


HE efficiency of an induction motor 


may be determined by one of several 


methods. One method is to load the mo- 
tor to normal load and measure the elec- 
tric input and mechanical shaft output 
power. This is the so-called input-output 


method. Another method, usually termed 


the segregated-loss method, is to deter- 
mine each loss separately and to calculate 
the efficiency from their sum. 

The input-output method is the precise 
method of determining efficiency but is 
often very difficult to perform. Precise 
technique!*.?!,22 is required, regardless of 
how the motor is loaded. When input 
and output are measured, the difference 
of these two quantities of nearly equal 
magnitude is the result required. Ac- 
curacy is reduced by the subtraction. 
Often the necessary power supply and 
loading equipment are not available to 
load fully large motors under conditions 
where accurate measurements may be 
taken. 
Consequently, it is very important to 
have dependable methods available to 
determine efficiency by the segregated-loss 
method. Not only isit important to know 
the sum of the losses, but also, from the 
designer’s point of view, it is important 


Induction Motors 


load loss often was called the unknown 
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to know the value of each loss. 
losses that must be determined are the 
primary copper loss, the secondary copper 
loss, the core loss, friction and windage 
loss, and stray-load loss. The first four of 
these may be measured quite accurately 
by comparatively direct methods. 

Stray-load loss, however, is more diffi- 
cult to measure. Before methods were 
available for direct measurement, stray- 


we i 
— 


loss to distinguish it from the four com-~ 
ponents of the total loss that could be~ 
measured directly. It is similar to thel | 
short-circuit core loss in transformers and | 
synchronous machines and is caused by _ 
leakage flux. 4] 
It is to be expected that stray-load loss. | 
in induction machines could be measured 7 
: 


| 


in a manner similar to that used to meas-_ 
ure short-circuit core loss in synchronous | 
machines. One member could be excited 
with direct current of such value to give | 
full-load current in the other member, — 
which would be short-circuited. At the © 
same time the shaft would be driven at — 
normal speed. By measuring shaft input i 
and determining the copper loss in the © 
short-circuited member, the stray-load 
loss or short-circuited core loss could be 
calculated. 

This method is the one now in the test 
code for direct measurement of stray-load _ 
loss of induction motors. It is very satis- — 
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~ LOAD LOSS-WATTS 


2000 4000 
(Int 
Figure 1. Stray-load loss tests on 25-horse- 
power 1,800-rpm motor 


6000 


© Stray-load loss by reverse rotation 


 @ Stray-load loss by dynamometer efficiency 


test, number 1 
A Stray-load loss by dynamometer efficiency 
; test, number 2 


~ © Stray-load loss by dynamometer efficiency 


test, number 3 


factory for wound-rotor motors, where 
the direct current may be applied to the 
secondary winding, generating normal 
frequency in the primary winding. How- 
ever, squirrel-cage motors can be excited 
only from the primary winding. The 
secondary copper loss must be measured 
oy applying the equivalent alternating 
«current to the primary winding and meas- 
wiring the torque at standstill. This test, 
which is described on page 12 of the 
“‘ATEE Test Code for Polyphase Induc- 


- tion Machines,” has not proved practi- 


«cable for factory use. 

In 1939, T. H. Morgan, W.-E. Brown, 
-and A. J. Schumer presented the reverse- 
rotation method of measuring stray-load 
tloss.24 This test is more direct and easier 
-to perform on squirrel-cage motors. Con- 
-siderable care must be taken to get ac- 
curate results by the reverse-rotation 
method, since the load loss is the differ- 
ence between measured quantities. How- 
.ever, it is easier to obtain a certain degree 
of accuracy with this method than with 
the input-output method because the 
quantities measured are so much smaller 
-jn the reverse-rotation test. 

In the discussion following Professor 
-Morgan’s paper it was pointed out that 


the stray-load losses that occur in the _ 


.stator at fundamental frequency are not 
-jncluded in the test he proposed. Such 
tlosses are caused by leakage flux penetrat- 
-jng the conductors, binding bands, finger 
;flanges, and other structural parts. 

It is the purpose of this paper to show 
-that, if these losses are measured sepa- 
rately and properly considered in the cal- 
culations, dependable and accurate results 
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will be obtained. These losses may be 
large or small depending on the design of 
the motor but usually are not appreciable 


_ in small motors. However, large motors, 


rated 500 to 1,000 horsepower and larger, 
cannot be tested correctly without con- 
sidering these losses. This is especially 
true of two-pole motors. 


Test Procedure 


The reverse-rotation test is performed 


by applying balanced, polyphase voltage ~ 


to the stator terminals of the motor 
while driving the rotor at synchronous 
speed in the direction opposite to that of 
the rotation of the magnetic field. If the 
motor is a wound-rotor motor, the rotor 
should be short-circuited. T he mechani- 
cal power required to drive the rotor and 
the electric power input to the stator each 
is measured. Let W, represent the elec- 
tric-power input to the stator and P, 
represent the mechanical power required 
to drive the rotor. W, includes the fol- 
lowing losses: 


1. J*R loss in the stator. 


2. Stray losses in all structural parts, con- 
ductors, and so forth occurring at funda- 
mental frequency in the stator. - 


8. Core loss in the stator that occurs at 
fundamental frequency. 


4. One half the losses in the rotor caused 
by the fundamental flux. Since the rotor is 
rotating in the direction opposite that of the 
magnetic field, these losses occur at a fre- 
quency twice that applied to the stator. 
They include I?R loss, fundamental core 
loss, and stray losses in the conductors and 
structural parts in the rotor. 


The quantity P, includes: 
1. Stray losses in the rotor and stator 
caused by tooth-frequency fluxes. 


2. One half the losses in the rotor caused 
by the fundamental flux 


3. Friction and windage losses. 


The friction and windage loss may be 
measured by removing the voltage from 


Table | 
Stray-Load* 

Stray-Load Loss by 

Loss by Reverse 

Dynamometer Rotation 

Motor (Watts) (Watts) 
NARS, AS IO Oe Sea claisteve ie sta csihenaxe 650 
DB avacosate ateit‘siaiete 04/0 DAO Scie lare aay nein ototate 245 
(Chet Baroanod MAO. 3% pauperis 4 335 
5 DEM AFRO DOOOr LOSin ecco crenters cers 230 
| OE RRO COE 7 GEM Pr in rete ocr Te) 450 
| Gee SAO eR OOO ile tine reors cteere cl 620 
(Cpe Ro conan stn TOs areteroriere curlers ars 215 
PAR Sarees -exe1s<) 1% ViO0Si tester estes = 800 
he SOS, EC TORE SOO watered aaicisis ic tere ala 6 520 
d Pint SO a ORE Gor Al epee eiet Yasveiaielor 670 
1 ORE RG OOO ASC Fy ORONO Oger OCR TONG 350 
Wea cpaveVefereiahelialsxeles 1804 icy es ioe OCOD S 157 
NAP Re) Hal chs\eseteretersi 6 DEG eeica a aie eleanor 260 


* Fundamental stator loss was considered to be 
negligible. 
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the motor terminals and again measuring 
the mechanical power required to drive the 
rotor. Let P;represent this power. 


¥ 


The J?R loss in the stator, the stray — 


losses occurring in the stator at funda- 
mental frequency, and some fundamental 


core loss may be measured by applying the _ 


same polyphase current to the stator with — 4 


the rotor removed. Let this quantity be 


ao 
wi 
Pa 


mo ig? 


. represented by W,.. The core loss under _ . 


this condition may be slightly different _ 


from that during the reverse-rotation test, 


different. 
been found to be a negligible quantity in 
either case. The stray loss in the rotor 
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since the voltage applied will besomewhat 


However, this core loss has 


9400 800 1200 1600 2000 2400 us 
2 
(Ip) 
Figure 2. Stray-load loss tests on 30 horse- 


power 1,200-rpm motor — 


© Stray-load loss by reverse rotation é 
@ Stray-load loss by dynamometer efficiency 
test 


and stator caused by the tooth-frequency 
fluxes may be represented by 


LL,= (P,—Pys) —(W;— Ws) 


The stray loss in the stator due to the 
fundamental frequency is represented by 


EE = W,—I?Rs 


where R, is the d-c stator resistance at the 
temperature conditions of the test with 
the rotor removed. This loss is caused 
by the stator current and is proportional. 
to the square of the stator current. How- 
ever, that portion caused by the magnet- 
izing current is included in the measure- 
ment of the no-load core loss and should 
be omitted in the determination of stray- 
load losses. Consequently, this loss 
should be determined at a value of cur- 
rent, 


I,= VJ I2—In? 


where J, represents the primary current 
when the motor is loaded, and/, repre- 
sents the magnetizing current. 

It has been shown!* that the tooth- 
frequency loss, LL,, varies with the 
square of the rotor current. Since the 
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different temperatures. 
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rotor current is approximately ‘equal to 
Iz, the tooth-frequency loss-also should 
be determined at current I». 

The reverse-rotation test and the 
stator-impedance test may be taken at 
In order that a 
correction for copper temperature can be 
made, it is best to keep LL, separate from 
I’R. If R, represents the d-c resistance 
at the temperature of the reverse-rota- 


tion test, the formula for the tooth- 
- frequency loss becomes 


LL, =(P,—Py3)—(W, 
The total stray-load loss equals 


—Ip?R;—LLs) 


| AES Ae 


The completed formula is then 


LL,=P, 


=P WetlvR toll: 
Test Data 
The following data were obtained on a 


squirrel-cage motor rated 1,750 horse- 
power 3,600 rpm. 


_ Stray-load loss by pump-back between 


identical motors............ 11,800 watts 


Stray-load loss by reverse-rotation test in- 
Cluding re ess sen ele sae ee 13,100 watts 


The difference of 1,300 watts represents 
0.1 per cent of full load. The fundamen- 
tal-frequency stray-load loss 
stator was measured as 5,400 watts. The 
reverse-rotation test as originally pro- 
posed neglected the fundamental stator 
loss, but this test clearly indicates that it 
must not be neglected. Without this 
correction, which is twice LL, or 10,800 
watts, the stray-load loss would have 
been calculated to be 2,300 watts from 
the test data. 

A squirrel-cage motor rated 500 horse- 


_ power at 1,800 rpm was tested with the 


following results: 


Stray-load loss by pump-back hetween 
identicalmotorss. -aaacee aes 2,500 watts 


Stray-load loss by reverse-rotation test in- 
Clitdin Sells eee 2,800 watts 


The two methods differ by 300 watts or 
0.08 per cent of full load. The funda- 
mental loss in the stator was tested to be 
320 watts. Here consideration of the 
fundamental stator loss is not so im- 
portant. 

The tests that follow were taken before 
it was thought necessary to consider the 
fundamental statertoss. However, mo- 


-tors of similar size and design were tested 


for this loss and were found to have a 
negligible amount. 

Three methods were used to test a 
wound-rotor motor rated 150 horsepower 
at 900 rpm. The following values were 
obtained for rated load. 


Stray-load loss by pump-back between 
dadenficalemotors:..% 1.25. .Gihes 615 watts 


Stray-load loss by reverse-rotation test (LL; 
BE RISCLE) eee a leks, oVe hiss 600 watts 
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A ae motor er 25 ‘hot 
power at 1,800 rpm was tested by 
verse-rotation test. 


1 gives the results of these tests. The 
fundamental stator loss was neglected. _ 

A 30-horsepower squirrel-cage motor, 
rated 1,200 rpm, was tested by the re- 


_verse-rotation method and by dyna- 


mometer efficiency. Figure 2 shows the 
results. 
stator loss was neglected. 

Thirteen motors, all rated 25 horse= 


power at 1,800 rpm, of the squirrel-cage 


type were tested by dynamometer effi- 
ciency and by the reverse-rotation test. 
These motors. were built by 11 different 
manufacturers and varied considerably 
in their characteristics. Table I gives 
the results. ; 

These data should be considered by 
examining the error in load loss as a 
per cent of full load, not as a per cent of 
the load loss. The probable error in 
measurement is about the same quantity 
in watts for a given size motor, whether 
the load loss is large or small. Conse- 


quently, the error expressed as a percent-. 


age of full load is a better measure of the 
value of a stray-load loss test. This is 
true whether the load loss is determined 
by pump-back between identical motors, 
by a dynamometer, by the reverse-rota- 
tion test, or by d-c excitation of the 
rotor. 


Conclusion 


It is now six years since the publication 
of Professor Morgan’s paper. This-seems 
sufficient time for all concerned to evalu- 
ate his method of direct measurement of 
stray-load loss. 

This paper indicates how his method 
may be brought into agreement with the 
input-output test by making the test and 
correction for fundamental stator-load 
loss in large motors. This correction is 
unnecessary in testing small motors. 
With this correction, where necessary, 
the reverse-rotation test is accurate for all 
sizes and speeds of motors and is easily 
performed. 

It appears desirable, therefore, to con- 
sider Professor Morgan’s method for in- 
clusion in the “AIEE Test Code for Poly- 
phase Induction Machines.” 


Appendix I. Nomenclature 


W,=power input to stator during reverse- 
rotation test 
P,=power input to shaft during reverse- 
rotation test 
P;=power input to shaft with no power 
applied to stator terminals 
=power input to stator during stator- 
impedance test with rotor removed 


Ws 


Ware—Stray-Load-Loss Measurement 


Dynamometer effi- ze 
ciency was measured three times. Figure 


Here also, the fundamental. 


rotation test 


Appendix Il. 


in Induction Motors 
Measure stray loss in the stator with the 
rotor removed by applying balanced poly~ 


phase current to the terminals of the pri-_ 


mary winding. The value of watts measured, 
less the primary J?R current, is designated 
by LLs. : 
value of current J, where 


h=V12—In? 


J, is the primary-load current and J, is 
the magnetizing current. 

With the rotor and stator nosekableed 
apply balanced polyphase current to the 
stator terminals. Drive the rotor at syn- 
chronous speed in a direction opposite to 
that of the phase rotation of the stator, 
Measure shaft input designated by P, and 
the stator input designated by W,. These 
measurements should be made at the value 
of current Io. 

Remove the power from ne stator and 


determine the mechanical power required 
to drive the rotor at synchronous speed in 


the same direction. 
by Iz I 

The stray-load loss is then equal to 
P,—Ps—W,+I2R,+2LL, 


4“ 


Designate this power 
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 M@PHE devices required for controlling 


clude pressure switches, thermostats, con- 
trol relays, contactors, switching mecha- 
nisms, and various combinations of these 
devices. These controls must operate 


_ ditions encountered on airplanes and, at 
_ the same time, must be smaller, lighter, 
and more reliable than similar devices 
- produced for other applications. 

- In order to design properly to meet the 
requirements, it is necessary first of all to 
- set up standards which describe accurately 
the conditions under which the devices 
must operate. Test equipment is built 
which simulates these conditions and is 
used to check the operation of devices in 
accordance with the standards. 

The results of these tests provide addi- 
tional standards such as electrical creep- 
ages and clearances and, in addition, they 
indicate desirable design features which 
should be incorporated in devices to make 
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them suitable for operation on airplanes. 
- It is regrettable that at this late date 
there are no general standards for electric 
devices used on airplanes. There are 


many standards set by governmental . 


agencies for specific devices but these 
standards are not consistent with those 
of other agencies, or even with other 
standards set by the same agency. 

The purpose of this paper is two-fold: 


1. To suggest that the AIEE set up stand- 
ards of preferred practices for electric con- 
trol equipment used on aircraft. A set of 
standards is included as a sample of the 
type of standards which are considered 
necessary. 


2.. To describe design features which have 
definite advantages. under conditions en- 
countered on aircraft. 


Altitude 


One of the first requirements for a de- 
vice which is used on an airplane is that 
it must operate satisfactorily at the alti- 
tudes which will be encountered by the 
airplane. Not many years ago, an alti- 
tude of 25,000 feet was considered the 
ultimate in airplane performance. The 
altitude record in 1929 was less than 
42,000 feet. Today, we speak of 40,000- 
foot service ceilings for present-day air- 
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altitude should be 50,000 feet. =e 


a vacuum pump to a bell jar equipped — x 


high altitude. 


: a Sea epee wince ‘. a i oe 
planes and ‘of 50,000-foot service ceilings a 
for airplanes that will be built in the near _ . 
future. In order that the electric devices 
of today will operate satisfactorily on the 
airplanes of tomorrow, standards fotaae 


2 


An altitude of 50,000 feet is equivalent 
to an absolute pressure of 3.4 inches of * 
mercury. This pressure is readily obtain- 
able. with a small vacuum pump. The 
majority of tests on devices to determine 
the effect of altitudes can be run onequip- - — 


with terminal connections for handling — 
various types of control and load circuits. 

The greatest effect of altitude on elec- ee 
tric control devices is the effect upon the 
electrical rating of contacts, due to the 
increased difficulty of extinguishing an are 
at the low pressures encountered at high ‘ 
altitudes. 

A large number of tests have been run 
to determine the effect of altitude upon 
contact-interruption ratings at various 
voltages and with various forms of con- © 
tact mechanisms. Muchofthesetestdata 
have been described in detail in a paper z 
presented by J. S. Rader and L. T. Quill — 
at the Los Angeles meeting of AIEE held in 
August 1944.2. From a design viewpoint, — 
the comparison of 12- to 24-volt operation 
and the advantages of double-break con- 
tact construction should be stressed. 
When most airplanes were equipped with 
12-volt systems there was little diffi- 
culty in extinguishing arcs, even at high 
altitude. When airplane voltages were 
increased to 24 volts, arcing troubles were 
encountered. Figure 1 shows that a 
contact break of only 1/2 inch will ex- 
tinguish a 12-volt 40-ampere inductive 
are but it will extinguish only four am- 
peres if the voltage is increased to 24 
volts. 

However, reference to Figure 2 shows 
that use of double-break contacts prac- 
tically eliminates the handicap of the 
24-volt system. The contact gap for 24 
volts with double-break contacts is prac- 
tically the same as that required for 12 
volts with single-break contacts. The 
close relationship between the curves in 
Figures 1 and 2 indicates the operation 
of some physical law or a remarkable 
coincidence. 

The reduction of ratings of contact 
devices due to altitude is clearly shown 
in Figure 3. Sea-level ratings must be 
divided by three to obtain ratings for 
Fortunately the rating 
curve takes an upward turn at altitudes 
above those under discussion. The ex- 
treme case is the high rating of the 
vacuum switch. 

Another important factor to be con- 
sidered in high-altitude design work is 
the necessity for greater creepages and 
clearances due to lower potential break- 
down values at high altitudes. M. J. 
DeLerho’s paper! on potential breakdown 
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Figure 1. Comparison of single-break contact 
gaps required for 12- and 24-volt inductive 
~ loads at altitudes to 50,000 feet 


These curves show conservative ratings for 
inductance equivalent to motor loads and are 
about 50 per cent of maximum interrupted test 
x values 


at high altitude indicates that high 
potential tests made at sea level on de- 
vices to be used at high altitude should be 
three times the normal values. 


Vibration 
Devices should operate satisfactorily 


under ‘any conditions of vibration en- 
countered. on an airplane. However, 


there still is no definite figure to express. 


accurately the maximum vibration con- 
ditions actually encountered on all types 
of airplanes. 

There has been a rule of thumb which 
states that a device should not be dam- 
_ aged by vibration having simple harmonic 
motion, with an amplitude of 1/3. inch 
which is equivalent to a total* travel of 
'/ig inch. This vibration should vary in 
' frequency from 5 to 55 cycles per second, 
with the frequency continuously varying. 
If the device is not damaged by this 
vibration for a period of five hours, it is 
considered that it will not be damaged by 
the vibration it will encounter during the 
life of the device. This requirement was 
amplified by some to such an extent that 
devices had to operate satisfactorily even 
under these extreme conditions of vibra- 
tion. We believe that this was never the 
intent of the requirement. Many devices 
are built to operate within certain speci- 
fied tolerances. Under these extreme 
conditions of vibration they will not 
operate within those tolerances. Further- 
more, under those conditions they may 
actually operate incorrectly. It seems 
that there should be a difference between 
the values for a shakedown test during 
which a device will not become in- 
operative and operational test during 
which a device should operate within pre- 
scribed limits. A shakedown test should 
be equivalent to an accelerated life test. 
This principle has been carried out in the 
new specifications set up by Wright Field 
covering requirements for 400-cycle ap- 
paratus. Standards have been set up 
which require that a device should not be 
damaged by vibration for five hours with 
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"operate satisfactorily during vibration of 
1/3 inch total travel at frequencies from — 


for operation requires 


5 to 55 cycles per second. : PA 


Test equipment for checking devices — 


under these conditions of vibration is now 


readily obtainable from many sources. 
Some types of testing equipment have - 


been made extremely heavy and rugged 
to withstand the vibration set up by their 


own moving masses. This has necessi-. 
tated fastening of the equipment to large: 


masses of concrete and has made it ex- 
tremely difficult to measure correctly 
vibration amplitudes. Other forms of 
vibration machines are inherently bal- 


anced and are, therefore, lighter weight 


and have longer life. They are particu- 
larly well suited for life testing. 

Tests on various devices on the vibra- 
tion machine show the importance of 
balanced construction. Pivoted parts 
should have equal masses on each side of 
the pivot. Furthermore, tests on the 
vibration machine show that parts should 
be rigid and, at the same time, have as 
light weight as possible. 

Figure 4 shows an extremely sensitive 
relay which is equipped with a balanced 
armature and which is ideally suited for 
operation under vibration conditions. 
This is a polarized relay with a dead cen- 


ter position. When no current is applied, . 


the armature is in a central position and 
contacts are both open. These contacts 
remain open even if the relay is subjected 
to vibration of 1/32 inch total travel at 
any frequency up to 60 cycles per second. 


Then, if the relay is energized by current . 


flowing in either direction, one pair of 
contacts will close and will stay closed 
under the same vibration conditions. The 
amount of power necessary to close the 
contacts and hold them against this vibra- 
tion is only one half milliwatt. The de- 
sign of a relay with such a low-power 
input, able to withstand such extreme 
vibrations, would be extremely difficult 
if the principle of balanced construction 
were not observed. 


Temperature 


Temperature conditions encountered 
by aircraft are far more severe than are 
encountered in ordinary applications of 
other devices. The higher an airplane 
flies the lower the temperature it en- 
counters until it reaches the stratosphere. 
Then the temperature begins to increase. 
But at an altitude of 60,000 feet above 
the equator, the temperature may be as 
low as 112 degrees Fahrenheit. How- 
ever, the Army Air Forces, in their 
winterization program, have set —65 de- 
grees Fahrenheit as the minimum tem- 
perature for design requirements. 

On the other hand, it has been found 
advisable to design devices to withstand 
temperatures as high as 200 degrees 
Fahrenheit for 48 hours. It is, therefore, 


Hottenroth—Aircraft Electric Control Devices 


chosen so that different expansion coef- 


variations in operation. 


this temperature g 
sure switches which 
-phragms showed the « 
become 20 to 30 times as vhei ; 
rubber was stiffened by low temperatures 
as it would when operating at normal tem- _ 
peratures. On the other hand, pressure 
switches equipped with metal bellows are — 
practically unaffected by temperature. 
In designing devices for aircraft, the — 
kinds of material used should be carefully 


ficients of materials will not cause wide 
A piece of — 
aluminum one inch long will shrink two — 
thousandth’s of an inch more than a piece 

of iron one inch long in going ftom the top 

temperature at 200 degrees Fahrenheit to | 
the bottom temperature of —65 degrees 
Fahrenheit. This change in dimension 

may be the cause of faulty operation in 

many devices. 


ent 


> & - owny it~ ~ yo ow 


0.4 


‘ “a 
FTA 2 
fe ae aa 
Sy cre Wy 
BREAK J 


0.3 


0.2 


CONTACT GAP — INCHES 


Oo 10 20 30 40 50 
CURRENT — AMPERES 


Figure 2. Comparison of single-break contact 

ratings to double-break contact ratings for 24- 

volt d-c inductive loads at altitudes to 50,000 
feet 


These curves show conservative ratings for 

inductance equivalent to motor loads and are 

about 50 per cent of maximum interrupted test 
values 


A wide range of temperature makes it 
essential that any timing devices operat- 
ing on a thermal principle must be com- 
pensated for temperature. This may be 
done as is shown in Figure 5, by having 
two pieces of bimetal which ‘oppose each 
other. Change of ambient temperature 
increases the forces between the two 
pieces of bimetal. Heating of one bimetal 
with relation to the other will operate the 
contact mechanism after a definite time. 
Due to the compensation principle used, 
the timing is practically tnaffected by 
change of temperature. 

On the other hand, it should be noted 
that common forms of timing relays 
operating on the flux-decay principle are 
considerably affected by temperature. 
The curve shown in Figure 6 is representa- 
tive of the temperature effect upon this 
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n Lae ae oa: so 
4 tures will not be a source of trouble. 
Salt Atmosphere and Humidity 


A commonly accepted standard for 
salt atmosphere is that a device must 
pass satisfactorily a 200-hour salt- “spray 
~ test. This is an accelerated test which is 
4 generally imposed upon a device after it 
> has satisfactorily passed all other tests. 
j _ There i is considerable difference in opinion 
as to whether it is necessary for a device 
_ to operate satisfactorily immediately after 
being taken from the salt-spray test, or 
_ whether it is permissible to clean the salt 
E off the device and then have it operate 

_ satisfactorily. There seems to be no firm 
: standard on this subject. It appears 
reasonable to set up as a standard that 
ee a device must operate satisfactorily after 
4 it has been cleaned, following exposure for 
- 200 hours to the salt-spray test. When a 


°o an 20,000 30,000 40000 50,00 
ee ALTITUDE — FEET 
Figure 3. Comparison of 0.020-inch double- 
break contact rating to 0.040-inch single- 
break contact rating for 24-volt d-c inductive 
A loads 


Contact ratings are approximately 50 per cent 

of maximum interrupted-current test values. 

For rating purposes, inductive loads are con- 

_ sidered to be motor loads with L/R ratio 
about 0.03 


small electric control which has contacts 
as part of its mechanism is exposed to the 
salt-spray test and is left uncovered in 
_ the salt spray for a period of 200 hours, it 
is certain that particles of salt will 
evaporate out of solution on the contacts. 
When the device is removed from the 
salt spray and the salt has thoroughly 
dried on the contacts, it is quite unlikely 
that the contacts will operate. If, how- 
ever, the salt is removed, the contacts 
should operate properly. The condition 
of 200 hours of steady exposure to salt 
spray is an accelerated testing condition 
which is not actually met in service. It is 
more intended to prove that the device 
will not corrode and become inoperable 
due to corrosion resulting from the salt 
atmosphere encountered by airplanes 


~ 
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' operating near the ocean. Wes therefore, 


that the increased timing at low temipera-_ 
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igs as 
feel that the above interpretation of the 
standard is fully justified by the actual 
application of the devices. 

In addition to the salt atmosphere, 
there is an atmospheric condition of high 


humidity which often is encountered by. 


devices. This humidity condition is far 
more severe than has been ordinarily en- 
countered by devices manufactured for 
use in the United States. 
it is often possible to have high tempera- 
tures and, at the same time, high humidi- 
ties. In order to simulate this condition 
with an accelerated test, we have set as 
our standard for humidity requirements 
that a device must operate satisfactorily 
after being subjected to a 95 per cent 
humidity at 100 degrees Fahrenheit for 
a period of 168 hours. 

The test equipment for salt-spray test- 
ing is fully described in Army-Navy 
Specification AN-QQ-S-91. This type of 
equipment has been used for some time 
for corrosion-resistance tests. For the 
testing of devices under conditions of 
humidity, an easy way to maintain cor- 
rect humidity is to place the devices in a 
bell jar together with certain salts which 
automatically maintain a correct per- 
centage of humidity. Potassium-sul- 
phate crystals hold a humidity of 96 
per cent at 100 degrees Fahrenheit. 

In order to design devices which are 
suitable for uses under the conditions of 
corrosive atmosphere and humidity, there 
seem to be three major items which have 
to be kept constantly in mind. The first 
of these is that when dissimilar metals 
are used close together they must be 
properly chosen so that they are not far 
apart on the electromotive series or, if 
they are far apart, they must be properly 
plated. For instance, a designer who is 
accustomed to using parts made of brass 
must be particularly careful to see that 
they are not fastened directly to aluminum 
parts, unless the brass parts are plated 
by a coating such as nickel plate. Sec- 
ondly, it is essential that all steel parts 
must be plated with a corrosion-resisting 
plating or the parts must be made of a 
type of stainless steel. This does not 
work an undue hardship on the designer 
in the case of structures, but it is often 
difficult to protect properly stampings 
made from thin spring steel or wire springs 
made from spring wire having diameters 
of less than approximately 1/32 inch. 
Ordinary plating methods are very likely 
to produce faulty springs since the nascent 
hydrogen produced in the plating process 
may attack the spring steel and cause 
hydrogen embrittlement. Reputable 
spring manufacturers have developed 
properly controlled techniques for taking 
care of this condition but it is still an 
item which must be watched carefully. 

One of the most severe effects of humid- 
ity on materials is the expansion of plastic 
parts on which changes in dimension may 
cause difficulty. Some molded parts are 
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entirely satisfactory for ordinary do- 
_Inestic applications but may change di- 


mensions by as much as 1/g inch per inch 


when subjected to the extreme humidity — 
conditions encountered by our airplanes. — 
This by no means prohibits the use of _ 


molded parts on airplane devices but does 
warrant extreme care in their use wherever 
dimensional stability is essential for cor- 


rect operation. Of course, this condition — 
is even more amplified in the case of fibre — 


parts which will expand two to three 


times as much as common plastic parts. 


Voltage 


Designers of aircraft Aa. have had 


1 


- ‘ 


bm 


difficulty in finding out just what the — 


standards of voltage are which must be 
met by devices when used on airplanes. 


Normally, the planes of today have 24- 


volt systems. Actually, this means that 
the battery furnishes 26.4 volts at full 


Figure 4. Balanced-armature design of polar- 

ized relay operates correctly even under ex- 

treme conditions of vibration with only one- 
half-milliwatt coil input 


charge atthe battery terminals. When 
the generator is operating properly, it sup- 
plies a regulated voltage of 28.5 plus or 
minus 0.5 volt at the voltage regulator 
terminals. A designer, therefore, has a 
choice of a number of voltages to con- 
sider as standard. On the basis of the 
nominal voltage the standard practice 
for d-c systems allows ten per cent over 
and 20 per cent under. Therefore, he 
could design a device to operate at 26.4 
volts maximum and 19.2 volts minimum. 
This is obviously incorrect since the top 
voltage may go as high as 29 volts on a 
properly regulated system. Starting 
from the maximum voltage of 29 volts and 
using the same spread of plus ten per cent 
and minus 20 per cent, we work backwards 
to a minimum value of 21 volts. This 
seems like a reasonable spread of voltage 
and indicates that a device should operate 
satisfactorily at voltages as low as 21 
volts and should not overheat at voltages 
as high as 29 volts. However, it is pos- 
sible that the generators may be shot away 
and all important devices must operate 
satisfactorily on the battery voltage. 
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c Figure 5s Thermal timing relay with ambient- 
a at temperature compensation 


Sample in transparent housing 


This indicates that there may be a mini- 
mum voltage of 19 volts. However, the 
batteries are probably highly overloaded 
- when generators are inoperative, so it 
‘seems advisable that an even lower value 
should be used. A standard of 18 volts 
__ seems reasonable thereby allowing a one- 
volt additional safety factor over the 19 
"volts given above. However, it should be 
‘noted that some of the Air Corps stand- 
ards call for correct operation at 20 volts. 
A standard stating that devices must 
_ operate correctly at 18 volts is incomplete 
unless temperatures are also taken into 
consideration. A device which may func- 
tion properly at 18 volts with ambient 
temperatures of 70 degrees Fahrenheit 
may not operate at 18 volts at 200 de- 
grees Fahrenheit. And even though it 
may operate at 18 volts at 200 degrees 
Fahrenheit for a short period of time, its 
own self-heat over a longer period of time 
may make it inoperable at the same 
_ values. - Fortunately, the temperature of 
200 degrees Fahrenheit cannot exist for 
any long period of time after the airplane 
is in operation so the possible condition of 
operation for an extended period of time 
at temperatures above 70 degrees Fahren- 
heit may be assumed to be nonexistent. 
This is the basis of the standard that 
devices must operate correctly at 18 volts 
and 200 degrees Fahrenheit with no self- 
heating and at 18 volts at 70 degrees 
Fahrenheit with full self-heat. 


Conclusions 


Lieutenant Colonel Holliday, head of 
the electrical equipment laboratory at 
Wright Field, has emphasized the fact 
that a device which is not completely 
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Figure 6. Effect of temperature on dropout 


time of flux-decay relays il 
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reliable has no place on an airplane. At 
the same time, he points out that weight _ 
is the prime consideration in choosing be- 
tween two devices which are equally re-_ 
liable. “Me 
In order to meet both of these require-_ 
ments it is essential that the designer of 
devices for aircraft must have clear-cut 
definitions of the requirements of devices 
for aircraft in the form of design stand- 
ards. There are no such standards at the 
present time. ; 
Should not the AIEE and the National 
Electrical Manufacturers Association fill 
this need by setting up standards of pre- 


’ ferred practices for electric devices used 


on aircraft? Asa concrete foundation for 
such a program the following suggestions 
are offered for discussion and considera- 
tion as standards to cover electric con- 
trol devices. 


Appendix. Standards for Electite 
Control Devices Used on Aircraft 


A. Devices must operate satisfactorily 
under the following conditions or any com- 
bination of these conditions. 


1. Acceleration to ten g. 
2. Altitudes to 50,000 feet. 


3. Vibration at amplitude of 0.015 inch with fre- 
quencies of 0 to 55 cycles per second 


4. Temperatures from —70 degrees Fahrenheit to 
+-70 degrees Fahrenheit for continuous operation. 


5. Voltages from 18 to 29 volts for 24-volt systems. 


B. Devices must withstand the follow- 
ing conditions without being damaged. If 


_ operating characteristics are affected to the 


point where the device does not operate 
satisfactorily it will be considered damaged. 


1. Vibration for five hours in each of the two worst 
airplanes at an amplitude of 0.030 inch and with 
frequencies from 0 to 55 cycles at normal room 
ambient temperature. 


2. Temperatures from —70 degrees Fahrenheit to 
200 degrees Fahrenheit for 48 hours at the worst 
temperatures. 


Hottenroth—Aircraft Electric Control Devices 


“ah Magnet coils. ee 


i : : . = ps Beets ee 


Must pick up at 200 
temperature with no self- 
24-volt system. ys 
Coil temperatures must. no 
Fahrenheit with maximum > 
Fahrenheit ambient temperatt 
mounted on aluminum plat 
reasonable design practice. _ 

2. Contact ratings. ; sy [= 
Devices with motor ratings must be able to 
and break six times their normal rating *y 
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D. Spacings (inches) 
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lated live part and . — 
an uninsulated part pa 
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A barrier of 1/s2-inch-thick insulation may be used 
in lieu of these spacings. 


* Parts of opposite polarity are those which may 
be so connected in a circuit that a direct connection 
between the parts would produce a short circuit. — 
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N a companion paper by Rutemiller 
and Morton! the electrical control of 


propellers up to 24 feet in diameter is 
_ described. The outstanding features of 
_ this machine, which is illustrated in Fig- 
ure 1, are the speed and accuracy with 
which it can generate the desired blade 
_ contours in conformity with scale models. 
_ These features permit enormous savings 
- in time over previous methods of propel- 
4 ler machining. This superior performance 
_, is made possible largely by the use of two 
' tracer-controlled regulators to control the 
_ positioning of milling cutters which ma- 
_ chine both faces of the blades simultane- 
eosly. It is the purpose of this paper to 
_ describe the design features and perform- 
ance characteristics of the regulators and 
__to indicate by meaus of a typical stability 
Mealcalstion in an appendix some of the 
theoretical considerations involved in 
_ their development. Although the regu- 
_ lating system described was designed 
_ specifically for the propeller milling ma- 
_ chine, it may be used, with some modi- 
_ fications, in other machine-tool applica- 
tions, as well as in other fields. 


_ General Description 


The control required for contour follow- 

ing comes under the classification of posi- 
_- tion regulators and presents a much more 
_ difficult problem than most other types of 
regulators, such as speed governors or 
electric voltage or current regulators. In 
position regulators a follow member not 
only must accelerate at the proper rate 
and move at the right speed, but also 

_ must be in the correct position. In an 
electric system using a fixed-field motor 
whose armature is supplied with variable 
voltage from a generator, the current 
must be controlled for proper acceleration, 
the voltage must be regulated for proper 
speed, and the accumulated motion must 
at every instant be such as to position the 
follow member accurately. It should be 
apparent, therefore, that such regulators 
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an automatic machine for milling ship © 


- nal positions, relative to the saddle. 


io Controliek Position Regulator for 


Propeller Milling Machine 
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are of necessity more involved than eee 
other regulators. 

In the propeller milling machine, two 
identical position regulators are needed— 
one normally being used to control the 


suction-face drive motor, and the other | 


the pressure-face drive motor. As illus- 
trated in Figure 2, each regulator con- 
sists essentially of a standard variable- 
voltage drive with the exciter for the main 
generator energized by a single-stage d-c 
amplifier which derives its positioning 
stimulus from a Silverstat tracer unit. 
The unidirectional output of the exciter 
is applied to the generator field in series 
with an independent constant potential 
so as to obtain a drive-motor rotation that 
is continuously variable from a maximum 
in one direction through zero to a maxi- 
mum in the opposite direction. Each 
motor drives a small saddle carrying the 
associated tracer unit and also a large 
saddle carrying one of the two milling 
cutters. 

A detailed description of the operation 
of the machine is given in the companion 
paper already referred to. Consequently, 
the following brief explanation will suf- 
fice to. describe the functioning of the 
regulators. As the model table rotates 
relative to the tracer unit, the tracer 
probe will be deflected as it traverses the 
model. This causes a corresponding de- 
flection of the tracer Silverstat,? resulting 
in a proportional change in the Silverstat 
voltage. This voltage change is amplified 
by the amplifier and exciter and results 
in a change in generator voltage which 
causes the drive motor to move the tracer 
saddle in the direction to return the 
tracer probe and Silverstat to their origi- 
Er- 
rors are minimized and hunting is pre- 
vented by circuits which are described 
later. 

The ratio of the tracer-saddle speed to 
the cutter-saddle speed is adjusted by 
means of gearing to equal the scale ratio 
of the mudel. Also the work arbor sup- 
porting the propeller is rotated in unison 
with the model table. Consequently, the 
milling cutters move proportionately 
across the blade faces in contours similar 
to those being traced by the correspond- 
ing probes. The Silverstat steps are suf- 
ficiently small and the stability of the 
regulating system is sufficiently great to 
produce continuously smooth and stepless 
motion of the cutter saddles. 

Following each cutting stroke the pro- 
peller blade and models are returned auto- 
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matically at high speed to the starting 
position, preparatory to the next cut. 
During this return traverse the main sad 


dies attain velocities several times the — ie 


normal cutting speed, and, although there : 


is no requirement for accurate following 
during the return stroke, because the cut- 


ting tools are withdrawn from the work, 
it is necessary that the regulators retain 


control throughout this interval to avoid 
severe transient disturbances during re- 
versals of direction at the ends of the 
strokes. 


The Tracer Unit 


. The tracer unit is illustrated in Figura 


-8and 4. It consists essentially of a small — 
Silverstat operated by a double-lever sys- 


oe 


tem. These elements together with the 


Silverstat resistors are compactly as- ~ 


sembled within a cylindrical steel case. 


: 
ol: 
° 


A probe whose shape conforms to that of 


the cutting tool is mounted on the tapered — 
nose of the primary lever. 
The ratio of the lever system is adjust- 


‘able so that the motion of the probe re- 


quired to produce full Silverstat deflection 
can be made to correspond approximately 
to the ratio of the size of the model to that 
of the propeller being machined. This 
adjustment in the tracer sensitivity pro- 


vides means for maintaining the stiffness* _ 


of the regulator constant as the model 
ratio is changed. In other words, when a 
particular size of model is used, the abso- 
lute magnitude of the error is independent 
of the model ratio, and a 24-foot propeller 
can be machined with no greater absolute 
error than a ten-foot one. Since this ad- 
justment affects only the magnitude of the 
error and does not of itself determine the 
model ratio, it does not need to be con- 
tinuous. Accordingly, four positions of 
the ratio-adjusting pin, corresponding to 
blade-to-model ratios of 2, 3, 4, and 5, 
provide adequate range. 

The spring and gravitational forces act- 
ing on the levers are such that the maxi- 
mum force on the probe need never exceed 
two pounds. Thus, with probes of reason- 
able weight the force exerted on the model 
is sufficiently low to permit the use of 
even moderately soft materials such as 
plaster or soft wood. Ball-bearing pivots 
provide definite fulcrums with minimum 
friction for both levers. 

A pair of contacts built into the tracer 
unit serves as a limit switch to shut down 
the machine when the Silverstat operating 
lever is deflected beyond its normal range. 
This feature protects the propeller blade, 
the tracer unit, and the machine, from 
damage due to mechanical or electrical 
failures. A time-delay relay in the limit- 
switch control circuit prevents shutdown 
during minor transient conditions which 
result in only moderately excessive ac- 
celerations. During these transients 


* The stiffness of the regulator is defined as the 
force developed on the main saddle by unit main- 
saddle displacement. 
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AS Figure 1. 
ae milling machine 
The model table is in the left foreground. The 


propeller mounted on the work arbor is about 
12 feet in diameter 


damage to the tracer is prevented by 


adequate overtravel in the lever system.: 


The Regulator Circuit 


Because of time delays inherent in the 
‘regulating system a stable regulator ca- 
 pable of only mediocre accuracy can be 
realized by applying only the Silverstat 
positioning stimulus to the amplifier in- 


put. Sustained oscillations in this simple _ 


low-accuracy regulator would be pre- 
vented by the inherent damping of the 
motor-armature circuit. The maximum 
practical stiffness, and hence the ac- 
curacy, of such a system is restricted to 
relatively low values by fundamental de- 
sign limitations on the ratio of motor- 
circuit damping to system inertia and also 
by the time delays which have the effect 
of introducing phase shifts that reduce 
the effective damping of the system. Any 
attempt to increase the regulator stiffness 
_to improve the accuracy would result in 
hunting. In the system illustrated in 
Figure 2 there are three principal time 
delays: namely, the exciter-field delay, 
the generator-field delay, and the motor- 
and generator-armature-circuit delay. 
Consequently, in order to obtain a regu- 
lating system with adequate stiffness to 
insure high accuracy and at the same time 
provide sufficient damping to insure rapid 
decay of free oscillations, it is necessary 
to introduce strong antihunting influences 
which will now be described. 

In reference to Figure 2, the voltage e, 
appearing across the sensitivity or stiff- 
ness-adjusting rheostat R; is derived from 
the Silverstat and has an average value 
corresponding to the normal zero-error 
position of the tracer probe. At this 
normal operating point half of the Silver- 
stat resistance is short-circuited out. 
Variations from this average voltage 
value, corresponding to displacement of 
the probe from its zero-error position, can 
be considered as made up of two compo- 
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nents. One of these is the drop due to the 
component of current which flows through 
R; and is proportional to the probe deflec- 
tion or positional error. This component 
constitutes the positioning stimulus for 
the regulator. The other component is 
due to the part of the current which flows 
through the capacitor C. By making R, 
small compared to R:, and by proper 
choice of the value of C, this component 
can be made proportional to the rate of 
change or first derivative of the probe dis- 
placement. It is well known”? that the 
inclusion in the input to a regulator of a 
stimulus proportional to the rate of change 
of the quantity being regulated exerts a 
powerful stabilizing effect. When the 
tracer probe is deflected from its normal 
position this component of voltage ap- 
pears ahead of the positioning stimulus. 
Thus a large restoring force is produced 
which tends to correct for the error before 
it can attain its maximum value. For this 
reason this component may be considered 
as anticipating the positioning voltage, 
and the circuit comprised of Ri, Re, and C 
therefore is referred to as an anticipator 
circuit. Because it is not feasible to 
make R, negligibly small compared to Re, 
the anticipator does not give perfect dif- 
ferentiation, with the result that an addi- 
tional small time delay acting upon the 
anticipator output is introduced into the 
regulating system. This effect is shown 
analytically in the appendix. 

A further stabilizing voltage, é2, is ob- 
tained from the feedback transformer 
connected into the generator-motor-arma- 
ture circuit. The bridge circuit consisting 
of R3, Rs, Rs and the motor-armature re- 


Figure 3. Thetracer 
units 


The lower unit is 
removed from __ its 
cylindrical housing 
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Fidure: 2. Schematic wiring diagram of ae 


regulating system 
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sistance are balanced so that the voltage — 
across Rg is strictly proportional to the — 
back electromotive force of the motor and — 


independent of load and accelerating cur- 


rents. Since the back electromotive force — 


is proportional to speed, this voltage is 
thus proportional to the output velocity. | 
The time constant L/R; of the primary — 
circuit of the transformer is made low so 
that the primary current is essentially in 
phase with the voltage across Rs and the 
output velocity. The transformer second- 


ary voltage e: is proportional to the rate — 


— = a 


é 


of change of the primary current and — 
hence is proportional to the output ac- © 


celeration. This voltage is applied to the 


the torque due to it opposes rapid accel- 
eration of the drive motor. 


amplifier input with a polarity such that — 


It is therefore — 


antihunting in its effect. Because itis not — 


feasible to make the time constant of the 
transformer primary circuit negligibly 
small, the differentiation of velocity to 


obtain acceleration is not perfect, and the © 


consequence here also is the introduction 
of another small time delay, acting in this 
case only upon the acceleration compo- 
nent of the amplifier input voltage. 

With the regulator input voltages de- 
scribed thus far, it is possible to increase 
the stiffness to a point where the position- 
ing accuracy at very low speeds is more 
than adequate. However, when the drive 
motor is running at some constant speed, 
the steady-state excitation required by the 


main generator must be produced entirely 
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M =1.2%X108 lbs per (ft per sec2)... 
+=2.7X108 lbs per (ft per sec) .. 
..k=8 
T2=0.7 sec 
T:=0.05 sec 


s=60X 108 lbs per ft Bic 
-79=2.5X104 lbs per (ft per sec)... 


. m=10.8X108 lbs per (ft per sec?) 
-Ta=0.5 sec 
.. 241=0.02 sec 


by the positioning voltage. This means 
that when the motor is running at top 
speed the Silverstat must be deflected by 
the probe far enough from the mid-posi- 
tion to produce full excitation of the gen- 
erator. In other words a high output 
speed can be obtained only at the expense 
of a proportional deviation or error in the 
tracer probe position, and at top speed 
this error may be several times the normal 
acceleration error. 


It is the function of the voltage e3 to 


minimize these errors proportional to 
speed. This voltage being part of the 


_ drop across Rg is proportional to the out- 


put velocity and is applied to the ampli- 
fier input in series with e, and e, in such a 
direction as to tend to maintain the out- 
put velocity which produced it. Most of 
the main generator excitation required to 
produce the output speed is thus provided 
by és, relieving the Silverstat of the major 
portion of this duty. By this means the 
velocity error is reduced to a small frac- 
tion of what it otherwise would be. The 
portion of the velocity excitation pro- 
vided by the Silverstat is just sufficient to 
insure that the tracer unit retains control 
of the regulator. Instead of improving 
the stability of the regulator, however, the 
feedback for velocity-error correction has 
exactly the opposite effect. Fortunately 
though, the reduction in damping is small, 
and it is readily compensated for by a 
slight increase in the derivative compo- 
nent of the anticipator-circuit output 
voltage. 


The Amplifier 


The use of a vacuum-tube amplifier 
greatly simplifies the attainment of ade- 
quate anticipation, acceleration feedback, 
and velocity-error correction with circuit 
components of small physical size and low 
power consumption. Its almost infinite 
input impedance permits a wide flexibility 
in circuit arrangement and makes it pos- 
sible to eliminate completely undesirable 
loading of the anticipator circuit by the 
feedback circuits and vice versa, A 
further advantage of the amplifier is that 
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it permits the use of very low-wattage 
Silverstat resistors, making it feasible to 
mount these within the limited space in- 
side the tracer housing, thus avoiding a 
large number of electric connections to the 
tracer unit. 

Although only a single tube is indicated 
in Figure 2, there are actually three tubes 
connected in parallel. This i improves the 
reliability of the equipment, since the 
regulators still will operate with somewhat 
greater error on only two tubes. The 
tubes, which are of a standard radio type 
obtainable in any radio shop, are very 
conservatively loaded so as to insure a 
long useful life. 

A potentiometer Rs in the cathode-bias- 
ing circuit is ganged to the stiffness con- 
trol R, for the purpose of compensating 
for the change in average drop across R; 
as the stiffness of the regulating system is 
varied. This makes it possible to change 
the regulator stiffness without causing 
any disturbance in the system. Control 


‘Ry is used to adjust the regulator to the 


center of its range during the setting-up 
process. 

A voltmeter connected across the Silver- 
stat is calibrated in terms of relative error 
and provides a means of constantly check- 
ing the operating condition of the regula- 
tor and the accuracy of the milling opera- 
tion. One of these instruments is located 
at the control station for each of the two 
regulators. A vernier centering adjust- 
ment, not indicated in the schematic 
diagram, but connected in series with Rg, 
is mounted alongside the relative-error 
indicator on the control pedestal. This 
serves as a relative-error control and may 
be used by the operator, if desired, to 
“monitor” the error during the milling 
strokes. It also facilitates adjustment 
during the setting-up operation and pro- 
vides a means of correcting for possible 
drifting during the initial warming-up 
period. 


Performance 


The performance of the propeller-mill- 
ing machine as a whole is capable of 
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greatly eceadifig the specication require- 
ment of 200 square inches of blade surface _ 
milled per hour. This is due both to the 
inherent cutting capacity of the machine _ 


: 


and to the ability of the regulators” to = 
maintain a high degree of accuracy. atyam 


speeds higher than needed. A practical 


cutting speed for face milling is of the 


order of 30 inches per minute, and at this 


speed the regulators hold the accuracy to — 


better than +0.004 inch at the work. 
During the high-speed return stroke the 


velocity reaches 100 inches per minute 


and the corresponding error is of the order 


of +0.012inch. As mentioned previously 
there is no necessity for maintaining high © 


accuracy during the return stroke’so that 
the latter figure has no particular signifi- 
cance in the operation of the machine. 
It is indicative, however, of the capabili- 
ties of the regulators. 

The rates of acceleration and decelera- 
tion at the ends of the strokes are limited 


‘ 


to values of the order of ten inches per 


minute per second, and during these in- 
tervals the error is held to well within the 
specification requirement of +0.020 inch. 


Conclusion 


In designing the regulators much con- 
sideration was given to features which in- 
sure reliability and ease of operation. No 
unusual skill is required either to operate 
or to service the equipment. 


Although the regulating system de- 


scribed was developed specifically for the 
propeller milling machine, the funda- 
mental principles involved are of such a 
general nature that they will find useful 


application in a wide variety of regulator 


problems. 


s 


Appendix | 


The Anticipator 


If we refer to Figure 2, the ratio of e; to 
the Silverstat voltage in operational form is 


Ri _(+Tab)/ (+1) 
R:/Cp  1+-Tap/ (ki +1) 

R yp a Ee Le 

TR +1/Cp 

where 


T,g=R,C =the anticipator time constant 
ki =Ro/Ri 
p =the differential operator d/dt 


It is apparent from this expression that the 
anticipator output contains two components, 
one proportional to the Silverstat voltage, 
and one proportional to the rate of change of 
this voltage. Both components are delayed, 
however, as indicated by the time-delay 
operator? [1+ Tgp/(Ri+1) J. 


Any departure in e, from its average value - 


is due to a displacement of the main saddle 
from its correct position and results in a 
force on the saddle tending to reduce the 
displacement. The appearance of this force, 
however, is subject successively to the de- 
lays of the exciter field, the generator field, 
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and the genetator—motor-armature circuit. 
‘The expression for the force due to ¢ in 


groms of the dispaCee x is this 


7,= 

: s(1+Top)x 

(A+ Tip) (1+ Top) (1+ Tsp) [1+ Tab/ (+1) 
Eee 


where the proportionality constant s is the 


regulator stiffness, and 7), 72, and 7; are, 


‘respectively, the three delays previously 


. listed. 


Acceleration Feedback 


‘constant L/Rz. 


~The feedback transformer voltage may 
be written as 


= where 7 is the primary rene ke is the 


roa - Oe 
s. 32 


transformer ratio, and T;is the primary time - 


The voltage e, is thus 
proportional to the rate of change of &% 
and is delayed by the time lag of the trans- 
former primary circuit. Since e& in turn is 
proportional to the output velocity or rate of 


_ change of displacement, e2 is proportional to 


the second derivative of displacement or ac- 
celeration. The voltage é: also results in a 
force on the main saddle which is likewise 
delayed by the times 71, Tz, and 73. If we 
follow the foregoing reasoning, this force, 
which tends to reduce the acceleration, may 
be expressed in terms of the displacement as 
follows: - 5 


r= mp*x 
* (14+Tip) (1+ Top) (1+ Tap) (1+ Tip) 


where m is the force per unit acceleration and 
has the dimensions of a mass. 


(2) 


Velocity-Error Correction 


In a similar manner the force due to the 
velocity-error-correction voltage e3 may be 
written as 


—fropx 
(+ Tp) + Top) (1+ Tp) 


where 79 is the force per unit velocity having 
the dimensions of damping. The negative 
sign in equation 3 signifies that the damping 
is negative or that the force F, is tending to 


Fy= (3) 


maintain the velocity px rather than to 


reduce it. 


Characteristic Equation 


The three forces acting on the saddle due 
to regulator action are opposed by the 
inertia of the mechanical system and the 
electrical damping of the generator—motor- 
armature circuit. The appearance of the 


’ latter opposing force, however, is delayed 


by the armature-circuit time delay T;3. Ex- 


pressed algebraically the relationship is 


Ses 
= F,+F,+F, 
Seton 


where r and WV are, respectively, the slope of 
the speed-force curve and the mass of the 
mechanical system, both referred to the 
saddle. Substitution of equations 1, 2, and 
3 in this equation, and reduction of the right- 
hand side to a common denominator give 
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s(1-+ Tap) (1-4 Tip) + mp*[1 + Tap /(ks+1) |= ¥? 


rob(1+Tap/(ki+1)A+T) 


(1+71p)(1+ TP) (1+ Tsp) (1+ Tip) x 
[1+ Top/(ki+1) e 
5) 


The constants M,r, T;, Tz, and r; are fixed 
by the design of the rotating machines,* and 
constants s, fo, and k, are determined by the 


accuracy requirements of theregulator. The 


problem is then to determine values of m, 
T,, and T;, which will result in stable opera- 
tion with a high rate of decay of free oscilla- 
tions. A typical set of values is given in 
Table I. 

By substituting these values into equa- 
tion 5, clearing of fractions, collecting terms, 
and dividing by the coefficient of p7, the 
following equation is obtained: 


pi+189.3p°+11,400p5+-268.5 x 10%p4-+ 
380.7 X104p?+314.6 X 1052+ 


67.96 X 1086+ 12.97 X107=0 (6) 


The approximate factoring of this equation 
by the method described in Appendix IT is 


(p+16.2)(p+63.94) (p+95.0) 
(p?-+2.16p+5.58) (p?-++12.04p+235.4) =0 
(7) 
The three linear factors in equation 7 


represent nonoscillatory motions of the 
saddle of the form x =x€?!" where pf; is the 


p'-+14.2p* +267.00p?+575p+1,317 
p'+2.16p%+ 5. 58p? : 


; = ; : — ~* i apr 
rp a : F zs: + 


the characteristic 
optimum values of 
still yield too low a rate of 
sary to reduce the regulator st iff 
accept the Doctor te tae lower 


Acrendiy ll 
In the solution | of high-order linear ear 
means of finding ties ace by Horner s 
method or by successive trials using syn- + 


thetic division are well known. The deter- — 
mination of quadratic factors which repre- — 


-sent complex roots presents greater difi- 
A form of synthetic division for — 


culty. 
quadratic factors was devised by one of the 
authors for facilitating rapid approximation % 
by successive trials and is shown in this 
appendix. It was found later that the | 
method was given by M. Liwschitz, formerly — 
with the Westinghouse Electric and Manu- 
facturing Company, in an etl Se 
report. 

Equation 6 after depression by the re- 
moval of the three linear factors becomes 


p*-+14.2p*+ 267p?+-575p+1,317 =0 


The method is best illustrated by performing 
the long division by one of the actual quad- 
ratic factors. 


prt 2.16p+5.58 
p?+12.04p+235.4, 


12.04p*-+-261.42p?-+575p 
12.04p*+ 26.02p°+ 67p 


root of the appropriate factor. The quad- 
ratic factors of the form p?+ 8p+7 corre- 
spond to oscillatory motions of the saddle 
which may be represented by the general 
equation 


=e4"(A cos 2aft+B sin 27ft) 


where f is the frequency of oscillation and A 
is the decrement. In terms of the trino- 
mial coefficients B and y, 


1 eens 
fav 7-8/4 
2a 

and 
A=6/2 
The fractional decay per cycle is given by 
(1—e““//) 

The oscillation frequencies obtained by 
this means from the two quadratic factors in 


equation 7 are 0.3836 and 2.24 cycles per 
second, respectively, and the corresponding 


* The mass of the saddle is negligible compared to 
the equivalent mass of the drive motor. 
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235.4p?+508p+1,317 
235.4p?-+508p+1,317 


In the foregoing, the important figures are 
underlined. The process is greatly simpli- 
fied by tabulating only these figures as fol- 
lows: 


1 14.2 


267.0 575 1,317 |2.16+5.58 
5.58 67 1,317 
2.16 26.02 508 


1 12.04 235.4 


The upper of the two rows under the divi- 
dend coefficients are the successive prod- 
ucts of the differences by the last coefficient 
of the divisor. The lower of the two rows 
are the successive products of the differences 
by the middle coefficient of the divisor. The 
differences are obtained readily by subtract- 
ing two numbers simultaneously from the 
dividend coefficients. The differences, of 
course, are the coefficients of the quotient. _ 

This compact tabulation of only the 
necessary figures greatly facilitates the esti- 
mation of more accurate ccefficients for use: 
in succeeding trials. It is easily possible to 
make sufficiently accurate approximations of 
the two unknown coefficients in the divisor: 
for equations of the sixth order with fewer: 
than ten trials. For fourth-order equations. 
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HE ship screw propeller, introduced a 
little over a centtry ago, is now used 
Large high-speed 
_ passenger and naval vessels of the present 


4 day use propellers as large as 22 feet in 
_ diameter. These screws must transmit 


very large amounts of power which causes 


_ them to erode and pit rapidly. Erosion 
_ and cavitation can be minimized and the 


__ efficiency of power transmission increased 
_ by the use of smooth accurately finished 


blades. 


The methods used in finishing ship 
' propellers did not keep pace with the art 


q of machining metals and have been a 


laborious time-consuming job. The ex- 
cess metal that had to be removed from 
the rough casting to produce the desired 
contour was taken away by hand chipping, 
grinding, and polishing. The large size 


oo and cost of a suitable machine tool un- 


doubtedly discouraged its early develop- 
The first attempts were made 
about 17 years ago by using modified 


planers and shapers arranged to generate | 


a helix. In 1937 the Morton Manufac- 
turing Company designed and built a 
special machine for shaping the pressure 
face side of propeller blades, and two ad- 


Paper 45-71, recommended by the AIEE committee 


on industrial power applications for presentation at 
the AIEE winter technical meeting, New York, 
N. Y., January 22-26, 1945. Manuscript sub- 
mitted November 3, 1944; made available for 
printing December 28, 1944. 


H. Eart Morton is president of the Morton 
Manufacturing Company, Muskegon Heights, 
Mich. OREN G. RUTEMILLER now with Crosley 
Corporation, Cincinnati, Ohio, formerly was with 
Westinghouse Electric and Manufacturing Com- 
pany. 
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King, of Westinghouse Electric and Manufacturing 
Company. 


as illustrated, four or five trials usually suf- 
fice, making the method more rapid than 
the usual Ferrari-Cardan method. A fur- 
ther advantage over the latter and other 
more or less formal methods is that there is 
no chance of carrying an error through the 
complete solution since each trial is a check 
on the preceding one. 

The number of trials required is reduced, 
of course, if one can start with coefficients 
close to the final values. A quick and con- 
venient first approximation to the correct 
value of the last coefficient of the divisor is 
obtained by factoring the original equation 
with the odd-powered terms omitted. For 
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ditional machines of this design have been 


built since.? This machine generates the - 


helix through the action of pitch gears 
much like a screw-cutting lathe. It is not 
capable of machining the back or suction- 
face side of the blade, because this surface 
is not a true helix. Furthermore, it can- 
not be used on pressure-face sides of 
blades on which the pitch is not constant 
from hub to tip. 

The machines just described are limited 
in their application, and the need for a 
machine that would generate any contour 
accurately and quickly was increased by 
the rapidly expanding ship-building pro- 
gram. In 1940 the Morton Manufactur- 
ing Company and the Westinghouse Elec- 
tric and Manufacturing Company under- 
took the development of such a machine 
for the United States Navy. 

The general arrangement of the ma- 
chine is shown in the side elevation and 
plan view, Figure 1, and in the picture of 
the final installation, Figure 2. The ma- 
chine is equipped with two cutting heads 
so that it can be arranged to operate on 
both sides of a blade simultaneously, thus 
speeding up the operation and equalizing 
the pressure of the cutters and reducing 
the deflection of the work. This arrange- 
ment is clearly shown in Figure 3. 

The machine is equipped with 11 motors 
and three motor generator sets. Practi- 
cally all of these motors operate in a defi- 
nite sequence when the machine is per- 
forming in an automatic cycle. Full mag- 
netic control is provided for all motors. 


Position Regulators 


The machine is of the form-following 
type, that is, one that reproduces the con- 
tour of a pattern or model in the metal of 
the propeller casting. This provides for 
the machining of any contour on either 


the example given the expression 
p1+267p?-+-1,317 

is. factored approximately into 
(p?-+5) (p? +260) 


giving either 5 or 260 as one coefficient of the 
first trial divisor. This method is exact if 
the damping in the system is zero, in which 
case the odd-powered coefficients are absent 
to begin with. The approximation is quite 
good, however, for dampings as great as 
50 per cent of critical. 
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side of the iblad and the machining of _ 


any number of propellers with either ri ee 
or left-hand pitch from the same model. 
Since all blades on a given propeller are 


duplicates, a pattern of only one blade is 


required, and the propeller i is indexed for 
each succeeding blade. — 


The models are made of some soft ma- 
terial such as wood, so that they can be — 
made easily by hand. Therefore, the 


form-following device must apply only a 
very small pressure to the model. Be- 
cause of the size of the work, it is desirable 
to use reduced-size models. 


machining airplane propellers, but the 
limitations of pressure and the extreme 


complication of a magnifying pantograph - 
for a machine of this size make such an _ 


A position- = 


afrangement impractical. 


regulating system of the servo type, there- 
fore, is used on this machine. 


The accuracy of the machine depends 


primarily upon the position regulators, 
and the speed of operation is determined 


by their ability to Zollow changes in con- 


tour rapidly. 


The regulators used on this machine are 
entirely electrical. 


"a 
ag 


Machines of — 
the pantograph type have been built for 


They control the 
speed of the saddle-feed motors from 1,000 — 


rpm forward to 1,000 rpm reverse with- — 


out any apparent loss of control in the re- 
gion around zero speed. These regulators 
are described in another paper.® 


Cutter Drive : 


The cutters are driven by adjustable- 
speed constant-voltage d-c motors, which 
provide the speed adjustment that is nec- 
essary to suit cutters of different diame- 
ters. The motors are reversed by manu- 
ally operated switches on the control 
panel so that cutters of either hand can be 
accommodated. The magnetic control- 
lers do not provide dynamic braking, as 
it is desirable to have the cutters rotate 
from the momentum of the drive in case 
of a voltage failure so they will cut them- 
selves clear. 


Relieving Mechanisms 


The cutter saddles are each provided 
with relieving mechanisms that move the 
cutters clear of the work during the return 
stroke and into position for cutting during 
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the cut stroke. 
_ driven by compound-wound d-c motors 
_ provided with full magnetic reversing 
: ~ control, in order that they will operate in 
the proper sequence during the automatic 
cycle. 
At the beginning of the cutting ome 
the cutter is positioned with respect to the 
work by this mechanism. This position- 
ing must be consistent and accurate, The 
relief-drive motors drive the cutter saddles 
against a positive stop, at which time the 
- motor stalls. 
~ locking in this position, and the motor is 
, de- eacteized by a pine relay. 


Ram-Feed Drive “J 

The ram-feed motion, that is, the mo- 
tion of the cutter radially along the blade 
is driven by a constant-speed constant- 
voltage d-c motor. This motor provides 
movement at traverse speeds for setting 
up the machine and also movement in 
definite increments to position the cutter 


into a new path for each successive cut 


\ during automatic operation. 
This motor is controlled by a reversing 
dynamic-braking controller which is gov- 
erned by a measuring relay. The measur- 

- ing relay is a device that measures motor 
revolutions and stops the motor after a 
definite movement has been accomplished. 
The increment of movement is adjustable, 
thus providing a means of adjusting the 
amount of feed for each~stroke. This 
device, when operating in conjunction 
with a properly designed controller, con- 
sistently can measure increments of one- 
PRESSURE FACE— 


SADDLE FEED e 
MOTOR 


PRESSURE FACE 
SADDLE FEED 


TAILSTOCK 


HEADSTOCK” 
MOTOR 


WORK ARBOR & MODEL: 
TABLE DRIVE MOTOR 


PRESSURE FACE TRACER 
CONTROL STATION—— 


P.F. TRACER 


206 TRANSACTIONS 


an 


These mechanisms are 


The mechanism is self-- 
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adjusted to 
ment up to 20 revolutions. 


| Saddle-Feed Drive 


The saddle teed screws are each driven 
by adjustable-voltage d-c drives. ‘These 


drives are controlled by the position regu-— 


lators when the tracers are in operation. 
They are provided with full-magnetic 
reversing regenerative-braking controllers 
so that they may be operated from push 
buttons at high or low fixed speeds for 
setting-up purposes. 

The entire speed range of these motors 
is obtained by generator voltage control. 
Consequently, the voltage | impressed on 
the motor armature is an approximate 
measure of the saddle speed.~ Voltmeters 
are provided to indicate this voltage at 
all times; these are calibrated in terms of 
saddle speed in inches per minute and 
provide the operator with a continuous 
indication of the cutter saddle speed. 


Work-Arbor and Model-Table 
Drive ; 


The work arbor and model table are 
coupled together mechanically, and, while 
their relative position may be changed 
for indexing the blades, they are always 
moved as a unit during the machining 
operation. 

This is the primary feed motion. When 
the model table is rotated by the work- 
arbor motor, the movement of the model 
changes the position of the probes from 


Figure 1 (left). Side elevation 

and plan view of propeller mill- 

ing machine giving names of 
various parts as used in test 


Figure 2 (below). General 
view of machine as installed 


The control cubicle is at the 
left. The operator is stationed 
on the pit balcony. The con- 
trol desk is also located here 
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acceleration that can be accommoda 


cutter across the work depends primarily 


pate, g 

and tracer saddle; thus the rate of 

arbor rotation controls ast 

of the saddles.5 ** 7 >" 
There is a certain maxim 


by the position-regulating system. 
work-arbor drive is arranged to pro 
controlled acceleration and piano fe 


not exceeded. The rate of eelereHBe 
controlled by a motor-operated rheostat 
that is driven by an adjustable-speed d-c 
motor. This rheostat controls the fields 
of the work-arbor motor and its associ- 
ated adjustable voltage generator. 

On most machine tools, it is desirable to 
maintain a certain optimum surface cut- 
ting speed. This speed depends upon the 
size and type of cutter and the material 
being machined and the geometry of the 
machine. The construction of this ma- 
chine is such that the surface speed of the 


CADRE ween nit 


upon two variable factors: the pitch of 
the blade which may vary from six to 30 
feet, and the radius of the cut which may 
vary from one to 12!/2 feet. The work-  — 
arbor drive, therefore, must provide an _ 
adjustable-speed range in excess of 60 to 
one. 

Since the work-arbor drive is the pri- 
mary feed motion, it must be stable at 
any operating speed over its entire speed 
range. This means that the speed regula- 
tion with changing loads must be prac- 
tically flat over the entire speed range. 

The Rototrol regulated adjustable- 
speed drive was selected for this motion, 
because it provides all of these features.*:> 

The work-arbor motor also may be 
operated from jogging or inching push. - 
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There is, naturally, a maximum limit to 


_ the speed at which the position regulators 


can follow and maintain the required ac- 


cutter saddles. 


curacy of positioning. A speed of 50 


inches per minute was set on this machine 
as the maximum usable feed speed for the 


regulating system must follow accurately. 

During the return stroke when the cut- 
ters are in the relieved position, high ac- 
curacy is not necessary and, consequently, 
the saddle-feed motors can operate at 
their maximum speed of 1,000 rpm at this 
time. To insure that these limits will not 
be exceeded, a speed-regulating system is 
provided for the work-arbor motor. Two 
voltage relays are connected so as to be 


responsive to the voltage generated by 


the saddle-feed generators, and these re- 
lays are, therefore, responsive to the 
saddle-feed motor speed. These relays 
are set with a small differential in pickup 
voltage, and their contacts are arranged to 
control the motor-operated rheostat. 
When the pickup voltage of the first re- 
lay is reached, the motor-operated rheo- 
stat is stopped if it has not already ac- 
celerated the work-arbor motor to maxi- 
mum speed. If the position regulator calls 


for a greater speed from the saddle-feed 


motors than that allowed for by the dif- 
ferential setting of the two relays, the 
second relay will pick up causing the 


_ rheostat to decrease the work-arbor speed. 


The dropout point of the second relay is 
naturally higher than that of the first; 
consequently it will drop out and stop the 
rheostat before the voltage drops low 
enough to drop out the first relay. 

The pickup voltage of both of these re- 
lays may be set by means of a rheostat 
that is located on the operator’s control 
desk. This rheostat is used to set the 
speed of operation of the feeds. 

The amount of metal to be removed 
may be much greater in some places than 
in others, and, therefore, the depth of cut 


‘may vary considerably. A cutter load- 


regulating arrangement is therefore pro- 
vided. This consists of two additional re- 
lays similar to those already described but 
connected so as to be responsive to cutter 
‘motor current. The contacts of these re- 
lays control the work-arbor motor rheo- 
stat in the same manner as the voltage re- 
lays previously described. These relays 
also are provided with calibrating rheo- 
stats mounted on the control desk. 
Through the action of these relays, the 
work-arbor motor speed is regulated in 
accordance with the cutter load, slowing 
down when deep cuts or hard spots are 
encountered and speeding up again when 
the cutter load returns to normal. 
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es. This corresponds to 500. 
rpm of the saddle-feed motors and is the » 
maximum speed at which the position- 


Figure 3. View from control desk showing 
a propeller being machined 


This shows the two cutters in cutting position 


The saddle speed-limiting regulators 


and the cutter load regulators provide | 
safety features which protect the machine. 


and cutters automatically, thus relieving 
the operator from this responsibility while 
the machining operation is going on. 


Push-Button Control for Setting Up 
The contour of a ship propeller blade is 


a very irregular surface. There are few 
reference points available to use as datum 


‘points when setting up the machine. In 


setting up, the operator must position the 
rough propeller with respect to the model 
so that there will be enough stock at all 
points on each blade. This involves a 
rather tedious setting-up operation during 
which the various parts of the machine 
must be moved individually and, in some 
cases, several motions simultaneously and 
in synchronism. ; 

Momentary-contact push buttons in 
portable push-button stations are pro- 
vided for this purpose. These push but- 
tons give an inching or jogging operation 
in which the motor rotates only so long as 
the push button is held depressed, and the 
motor is stopped quickly by dynamic or 
regenerative braking when the button is 
released. 

Two fixed speeds are provided for the 
jogging operation. A fast speed is used to 
move the machine-cutting elements rap- 
idly into approximate position and a very 
slow speed for accurately positioning 
these members. 

The jogging push buttons are contained 
in portable push-button stations provided 
with handles for easy portability, and long 
flexible cables enable the operator to carry 
these stations about so that he can take 
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them to any necessary location while — 
Brackets are — 
provided on the operator’s desk which 
hold these portable push-button stations — 


setting up the machine. . 


in an accessible position when they are not © 
in use. 


Automatic Operation | 


After the setting-up operation is com- — 
_ pleted, the electric circuits are arranged — 


we 


for automatic operation by means of 


selector switches on the various control 


stations. .This prevents movement of any — 


part by use of the jog buttons and makes 
the machine ready for full automatic 


operation. i 
The position regulators must be in 


operation and properly adjusted, the cut- — 


ter motors must be running, and the re- — 


lieving mechanism control must be set for — 


automatic operation before the automatic 
cycle may be started. The automatic 
cycle always is started in the return direc- 
tion. 
push button starts the work-arbor motor 
and the motor-operated rheostat. The 
rheostat accelerates the motor until it 
reaches its maximum speed or until one 
of the tracer-controlled saddle-feed mo- 
tors reaches its selected maximum speed, 


Depressing the ‘‘Auto-Return” | 


and the speed regulators take control. — 
The work-arbor motor then continues to — 
operate under control of the speed regu- — 


lators, and the saddles operate under 
control of the position regulators which 
follow the model. 

As the cutters approach the edge of the 
blade, the dogs on the model table operate 
the return-limit switch which starts the 
motor-operated rheostat in the direction 
to decrease the speed of the work-arbor 
motor. When the rheostat reaches its 
minimum speed position, the work-arbor 
motor is stopped. The relief-drive motors 
then move the cutter saddles into cutting 
position, and the work-arbor motor is 
started in the opposite direction. This 
motor again is accelerated by the motor- 
operated rheostat. There is a separate 
saddle-speed-limit control rheostat on the 


operator’s desk so that the maximum 


speed of the saddle may be set for different 
speeds in each direction. This permits 
the operator to set the cutting speed for 
the best cutting condition while the re- 
turn stroke may be made at a much 
faster rate. » The motor-operated rheostat 
therefore stops when the saddle speed 
reaches the maximum determined by the 
setting of the saddle-speed-limit control 
rheostat for the cutting direction. During 
the remainder of the cutting stroke, the 
work-arbor motor speed is under control 
of both the speed-limit control and the 
cutter load-limit control. The cutter 
saddles are controlled by the position 
regulators. 

When the cutters approach the other 
edge of the blade, the dogs on the model 
table operate the cut-limit switch, which 
starts deceleration of the work-arbor 
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ce ‘motor rough. the action of the OE: 
Be: operated rheostat, and again this motor 
ms stops when the theostat 1 reaches the mini- 
a -mum speed position. The relief-drive 
_ motors then move the saddle so that the 
a “cutters are clear of. the work, and the 
~ work-arbor motor again is ‘started i in the 
a return direction. At this same time, the 
- ram-feed motor is started, and it operates 
- for a definite number of revolutions as 
_ determined by the measuring relay; thus 
the rams are moved ahead a definite 
amount and the cutters will follow in a 
new path across the blade during the next 
| cut stroke. 
~The machine will continue to follow 
‘this automatic cycle without further at- 


.. | 


__ tention from the operator except the oc- ' 


casional adjustment of the model-table 

dogs which adjust the length of stroke to 

_ conform approximately to the outline of 
the blade. 

= The automatic cycle may be stopped at 


_ any time by depressing the “Stop” push _ 


button. This will cause relieving mecha- 

nisms to move the cutters clear of the 

‘ work and the work-arbor motor to be de- 

- celerated just as is done at the end of the 

- stroke. The work-arbor motor will stop 

- when the motor-operated rheostat reaches 

the minimum-speed position and will not 

start again until a “Start”’ push button is 

depressed. The cutter motors will con- 

tinue to run, and the position regulators 

will remain in operation. 

An “Emergency-Stop” push button is 

. provided which is intended for use only 

" im an emergency such as might be caused 

by the breaking of a cutter or the like. 

When this button is depressed, the reliev- 

ing mechanisms move the cutters away 

_ from the work, and the work-arbor motor 

and both saddle-feed motors are stopped 

quickly by regenerative braking. The 

position regulators are thrown out of 

operation. It is then necessary to syn- 

chronize the tracers with the cutters again 
and pick up the cut by adjustment. 


Protective Devices 


In addition to the protective features 
previously described, 
switches are provided to protect against 
inadvertent movement of any part of the 
machine beyond its normal limit of travel. 

If the tracer probes strike an obstruc- 
tion, or if they fall off the model because 
the stroke-limit switches are not set cor- 
rectly, limit switches that are built into 
the tracer head are operated. The opera- 
tion of any of these limit switches has the 
same effect as depressing the ‘‘Emergency- 
Stop” push button. 

There is a number of setup clutches on 
the machine which provide for different 
mechanical arrangements for various 
operations. To insure that these are set 
in their proper relative positions, various 
interlocking limit switches are arranged 
to be operated by these levers. These 
limit switches are connected into the con- 
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; ASSOCIATE AIEE 
Synopsis: Transients in circuits supplied by 


controlled rectifiers using gas- or mercury- 
vapor-filled electron tubes are found ana- 
lytically by an extended superposition 
method. Loads containing resistance, in- 
ductance, and a counter electromotive force 
are studied, and results are obtained for both 
rectification and inversion. Examples are 
based on the half-wave biphase rectifier, 
while the appendix contains an analysis of a 
p-phaserectifier. The assumptions include 
constant-circuit parameters, a fixed firing 
angle during transients, continuous load 
current, and no-leakage reactance in the 
supply transformer. 


ESPITE the increasing use of rectt- 
fiers in industry, most of the analyses 


and reports in technical literature cover 


only the steady-state aspects of their 


Paper 45-40, recommended by the AIEE committee 
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in the electronics section of the industrial-control 
engineering division, and Mr. Walter in the engi- 
neering general division. 


- propeller through that clutch. Similarly, — 
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Joads, with abrupt c 
conditions, or even with r telat 
mon switching procedures. - ; 
As the field of their application has 
widened and as more exact char 
have been specified for them in th se 
applications, the need for complete : 
edge of their behavior has increased al: in ; 
For instance, the rate at which the field — 
in an eddy-current clutch can be strength- 
ened affects the performance of a syn- 
chronous motor driving a wind-tunnel 


the transient characteristic of a motor or 
exciter field supplied from a rectifier is im-_ 
portant when the field must be de-ener- | 
gized in an emergency. And much of the 
action during the reversing of a thyratron- 
controlled motor by inversion depends on 
the transient performance of the motor 
and the rectifier. ; 

This paper has two main purposes. The 
first is to extend the existing published 
theory beyond steady-state analyses. The — 
second is to call attention to an analyti- 
cal method which is valuable as much 
for its simplicity as for its generality. 


trol circuits in such a manner that the 
proper mechanical setup must be made 
before the machine can be operated. 


Conclusion 


The electric equipment applied on this 
machine provides reliable means, by the 
use of proved apparatus, for performing 
all of the functions required on a machine 
of this type. Several new problems of 
regulation, interlocking, and sequence 
control were encountered in the design of 
this equipment. Standard equipment was 
employed throughout with minor modi- 
fications to make it better suited for its 
particular use. 

The successful completion of a machine 
tool of this type requires not only a con- 
sideration of the structural design of the 
machine parts to insure rigidity and ac- 
curacy, but also a co-ordination of design 


between the electrical engineer and the’ 


machine designer in arriving at the best 
solution for the kinematics of the machine. 
The proper operation of the. mechanisms 
involved depend so much upon co-opera- 
tive action between the electrical and me- 
chanical devices, that the design of both 
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must be considered simultaneously. It 
would have been very difficult to select 
and design electric equipment for this ma- 
chine after the mechanical design had been 
completed. We believe that the out- 
standing machines of the future will be 
the co-operative efforts of electric-applica- 
tion engineers and the machine designers. 
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_ to be continuous. 


_ Figure 1. The equivalent circuit of a bi- 
phase half-wave controlled rectifier supplying 
a load containing resistance, inductance, and 


a counter electromotive force 


Both rectification and inversion will be 


discussed. 


Some simplifications are necessary, of 


~ course, to permit any analysis at all. The 
~ complete problem of finding responses in 
automatic control and regulating systems © 


employing rectifiers is complicated im- 
mediately by the continuously changing 
firing angle of the rectifier tubes. To 
make a beginning, a constant firing angle 
is assumed throughout this paper. Most 
of the time this involves only a reasonable 


- approximation, and part of the time it is 


an exact statement. 

In addition, the load current is assumed 
Discontinuous conduc- 
tion, in which the current pulses succeed- 
ing the first one are identical and in which 


no transient response lasts beyond each 


pulse, has already been discussed.1 

To keep the analysis specific, only recti- 
fiers using grid-controlled gas- or mercury- 
vapor-filled electron tubes will be men- 
tioned. For simplicity, the half-wave bi- 
phase rectifier is studied exclusively in the 
main portion of this paper. Appendix II 
contains the general analysis of a p-phase 
rectifier. 


Method of Analysis 


If the switch in the circuit of Figure 1 
is closed after the instantaneous voltage 
across the transformer winding passes 
through zero and before the firing point of 
the first tube is reached, the total voltage 
across the load, eg, will appear as in Fig- 
ure 2. The transient-current response to 


‘this voltage could be found by using or- 


dinary differential equations, with suc- 
cessive boundary conditions to be evalu- 
ated tediously, or else by a Fourier series 
method, where the current responses to 
the d-c component and the fundamental 
and harmonic a-c components are deter- 
mined separately. 

Operational calculus, with either the 
Heaviside or Laplacian transform method, 
has at least two disadvantages. Most 
engineers have not had an opportunity to 
become proficient in its use, and fre- 
quently the problem of determining the 
proper operational forms is almost as dif- 
ficult as the problem they are to solve. 

Instead, the method suggested here is 
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Figure 2. Voltage output of the circuit in 
Figure 1 


based on the superposition theorem and an 
extension of the Duhamel integral.?> It 
states merely that the total current in a 
linear circuit can be found at any time by 
superposing all the currents produced by 
separate voltage sources in the circuit, 
regardless of whether transient or steady- 
state responses are considered and despite 
the fact that each of the component cur- 
rents may have started at a different time. 

Figure 3 shows how a typical rectifier 
circuit, supplying a load containing re- 
sistance, inductance, and a counter elec- 
tromotive force (pictured as a battery), 
can be studied as the sum of two circuits. 
The circuit in Figure 3B yields the current 
i;, which is the component produced by 
the rectifier output voltage shown in Fig- 
ure 2. In Figure 3C, only the current 
ig produced by the counter electromotive 
force is considered. Together, 7, and 1 
comprise the total current response in 
the complete circuit. 

Since the exponential rise of 7% in 
Figure 3Cisa relatively familiar phenom- 
enon, finding 7; as the result of the ser- 
rated rectifier output voltage presents the 
major difficulty. The first step, illus- 
trated in Figure 4, is to decompose this 
voltage into continuous sine waves of the 
same frequency which start at regular 
intervals. Each voltage, moreover, is in- 


troduced at the same angle on its sinu-- 


soidal wave shape. 

The first sine wave has the same peak 
value as the rectifier output voltage, and 
the sine waves thereafter have peak values 
twice as large and start at half-cycle in- 
tervals. When these waves are super- 
posed, the resulting voltage wave is the 
original rectifier output voltage for which 


.the response is desired. 
If the beginning of the nth voltage wave » 


A. Original circuit, with the rectifier re- 
placed by a source supplying the proper 
voltage 
B. Circuit responding only to the rectifier 
voltage 
C. Circuit responding only to the counter 
electromotive force 


ale 
Figure 3. Equivalent 
‘aaa alt 
representation of the I 7 
A 


circuit in Figure 1 
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wave can be expressed as 


ra 
)s 


in the interval 0<wt<m. Sinceeach ofthe 
component waves begins 7 radians before 
the following one, the expressions for all 
of the components during this same inter- 
val will be ; a: 


€n=2Em sin (wt+6) 


en =2Em Sin (wt-+d-+m) 
€n—2=2Em sin (wt+5+27) 


(0 (a, 0:0) ©. ote ie) sil'e, tmia).6) 8) (0/38) /6 cause) 6! 0; elev ie, 


ay 


e3=2E» sin [wt+6+(n—3)7] “ 
&=2Em sin [ot-+5+(n—2)z] ke 
@=E, sin [wt+6+(n—1)7] A as 


The current response to each of these 
components is simply the transient re- 
sulting when it is switched at the specified 


time into a circuit containing resistance 


and inductance. 
general form: 


j= (B/Z) sin 0 VT + 
(E/Z) sin (wt—0+8) (3) 


for an applied voltage of 
e=E sin (wt+8) 


This response has the 


(4) 


If Ein equation 3 is replaced by 2Em, the 
general current expression becomes the 
exact response to the mth component - 
wave. For the exact response to any of 
the component waves, it is necessary only 
to notice that, during the interval — 
0<wi<7, the existing component current 
produced by a voltage wave which started 

ry half cycles earlier is identical with the | 
current which will exist r half cycles 
later as the result of the nth component 
voltage. 

If we let ¢; be the time for a half cycle, 
the current response to any of the com- 
ponent voltages can be found by substitut- 
ing (t+rt,) for t in the expression for the 
current response to the voltage wave ~ 
which precedes it by r half cycles. The 
currents in the interval 0<wt<7a thus ap- 
pear as follows: 


tn=(2Em/Z) sin (9—s)e / T+ ) 
(2Em/Z) sin (wt—0+8) 


in_1 = (2Em/Z) sin (0—8) e— (th) /T 4 
(2Em/Z) sin (wt—0-+5+7) 


in—2 = (2Em/Z) sin (9-8) €~ 424)/7 + 
(2Em/Z) sin (wt—@+6+27) 


43=(2Em/Z) sin (@—S)E€— [t+(n—8)]/T 4 
(2Em/Z) sin [wt—-0-+8+(n—3) a] 


in = (2Em/Z) sin (0—6)€~ +2) 41/7 
(2Em/Z) sin [wt—0+6+(n—2)q] 


iy=(Em/Z) sin (9—8)e~ UH" 41/7 4 
(Em/Z) sin [wt-9+6+(n—1)7] 


ae 
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Aetice Rents TME Rooctie LOAD 
(PHASE CONTROLLED) 
_ Figure 4. Decomposition of the output volt- 
age of a biphase half-wave controlled rectifier 
into sinusoidal components 


lp 
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Figure 5. Current responses to the sinusoidal 
voltage components of Figure 4 


The total current: response, 7,, during 
the interval concerned is 


= tieti3. ‘ In—2 tins +ty (6) 


Since each component current in equation 
' 5 consists of an exponential and a sinu- 
soidal term, 7, is composed of an n-term 
group of exponentials and an n-term group 
of sinusoids. 
By adding and subtracting (EZ,,/Z) X 
sin (9@—6)e (+@—4]/7 the sum of the ex- 
ponential terms in 7, can be rewritten as 


is(exp) = (2Em/Z) sin (0—8)e~/7 X 
ieee 0)/ (meme 
(Em/Z) sin (9—8)e~ (+ —1)4]/7 (7) 
since all the terms having (2E,,/Z) as a 
coefficient form an mn-term geometric 


series with the ratio e~#/7, 
The sum of the sinusoidal terms in 7, 
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_ number that brings the exponential terms 


a 


in(siny =(Em/Z) sin (wt-0-+8) = 


eS ee 
in the interval 0<wt<a, whether iseven _ 


or odd. 
On this basis, 


= 1:(exp) +t(sin) 
= (Em/Z) sin (wt —0+8) + (2Em/Z) X 
sin (9— de /"[(1—e- 4/7) /(1—e 4/7) ]— 
(Em/Z) sin (9—8)e + N4l/7 (9) 
Equation 9 is valid in the interval 
0 SwtS 7 and gives the exact load current 


in the circuit of Figure 3B for the mth 


half cycle after the closing of the switch. 
The complete transient response can be 
found by letting assume all the inte- 
gral values from one to infinity, or to a 


as closely as desired to their limiting 
values. 

A “physical picture’’ of this transient 
response can be obtained by considering 


the voltage components in Figure 4 as | 


actual voltages which are switched into 
the load circuit at regularintervals. With 
linear circuit elements, each transient 
caused by the inclusion of another voltage 
source in the circuit behaves exactly as 
though it were the only transient present, 
and the total response at any instant is 
simply the sum of all the previously 
started transients. A convenient mathe- 
matical relation between these transients 
then makes it possible to express their 
sum in three terms. 


Assumptions 


The analysis presented in this paper is 
based on the following assumptions: | 


1. Theload circuit contains only resistance, 
inductance, and possibly a counter electro- 
motive force in series. 


2. The resistance and inductance are con- 
stant. 


3. Ifitis present, the counter electromotive 
force remains constant during the interval 
analyzed. 


4. Leakage reactance in the rectifier supply 
transformer is negligible. 


5. The arc drop of a rectifier tube is con- a 


stant. 


6. TLonization and deionization times in the 
rectifier tubes are negligible. 


7. The angle of retard, 5, remains fixed 
during a transient. 


8. ~ Load current is continuous. 


~: aaa a 
= ‘ 


pas A 
RECTIFIED f 
- VOLTAG 4 i . i 
PHASE- 
CONTROLLED : 


EQUIVALENT CIRCUIT 


ZERO AXIS OF CURRENT 


Figure 2 Current. build-up in. an inductive | 
circuit supplied by a biphase half-wave con- 
trolled rectifier 


A—Sum of the exponential components of the 
successive current responses 

B—Sum of the sinusoidal components of the 
successive current responses 

C—Total current response 


9. The rectifying elements are grid-con- 
trolled gas- or mercury-vapor-filled electron 
tubes. 


In general, these are standard assump- 
tions, and the errors introduced are small 
compared to the main response. 

Only resistance and inductance are con- 
sidered in the load circuit, since shunt 
capacitance is ordinarily insignificant at 
power frequencies in industrial loads. 
When the counter electromotive force is 
generated in the armature of a d-c motor, 
assuming it to be constant requires that 
the speed of the motor remain unchanged 
during the transient period. It is usually 
an accurate assumption, depending only 


Peed 


on the relative magnitudes of the elec- 


trical time constant, L/R, of the motor’s 
armature circuit and the mechanical time 
constant, J/D (moment of inertia divided 
by the damping torque), of the shaft load. 
In a fully loaded one-horsepower 230-volt 


VOLTAGE AGROSS THE LOAD 


LOAD 
CURRENT 


ADVANCED 
DURING 


THIS 
INTERVAL 
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Figure 7. Transient in an inductive load caused 
by suddenly advancing the firing angle 


oe 


Load supplied from a controlled biphase rectifier 
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_ Figure 8. Equivalent circuit for a controlled 
biphase half-wave rectifier momentarily operat- 
ing as an inverter from the energy stored in its 
inductive load 


Fae 


A o 
VOLTAGE 
Figure 9. The output of a controlled biphase 
f rectifier operating as an inverter 


1,150-rpm d-c shunt motor, for instance, 
- L/R may be in the order of 0.01 second 
whereas J/D, even assuming that the 
fe, shaft load consists entirely of friction with 
no inertia, may be in the order of 0.4 
second. With load inertia considered, 
_ J/D may easily exceed 1.0 second. Ifa 
series inductance is intentionally added 
_ for filtering purposes, however, this as- 
sumption must be studied carefully. 


a Rectification With no Counter 


___Electromotive Force Present 


- If the are drop of the rectifier tubes is 


neglected, transient currents in such loads 
as motor and clutch fields can be found 
from the circuit in Figure 3B by using 
equation 9. The transient-current re- 
sponses to the sinusoidal voltage com- 
ponents of Figure 4, mentioned only 
briefly in the previous analysis, are illus- 
trated in detail in Figure 5. Each one 
contains the sinusoidal and exponential 
currents which can be added, as in Figure 
6, to obtain the total current response 
beginning with the closing of the switch. 

Figure 6A shows the build-up of the ex- 
ponential component expressed in equa- 
tion 7, and Figure 6B, the sinusoidal 
component of equation 8. 

The steady-state current can be ob- 
tained from equation 9 by letting  ap- 
proach infinity. 


4,-ss=(Em/Z) sin (wt —0+5) + (2Em/Z) X 
sin (0—8)[e-/7/(1—e"/7)] (10) 


If T>>h, as it may be if the load is heavily 
inductive, the first term in equation 10 will 
be very nearly equal to the ripple com- 
ponent of the load current, and the second 
term will closely approximate the d-c 
component. 

‘Finally, if the load inductance, L is 
assumed to increase without limit, the 
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els kre ee 
et g ci ~ ile << 
ripple component of 


y 


proaches zero and equation 10 becomes 


-it-ss=(2/n)(Em/R) cos 8 (10a) 


~ which is the well-established expression 


for the load current in a biphase half-wave 
rectifier supplying an infinitely inductive 
load. 

This method of analysis is not limited 
to starting transients but applies equally 
well when the firing angle of the tubes is 
suddenly advanced as in Figure 7. Here 
the rectifier output voltage which formerly 
produced a certain load current is 
abruptly and completely replaced by a 
new output voltage. As far as the pre-. 
vious load current is concerned, the volt- 
age causing it becomes zero, and it de- 
cays exponentially from the value 7 that 
it had at the instant the new firing angle - 
became effective. The component of the 
load current from the new output voltage 
begins, of course, from zero just as ~ 
though there were no other component 
present; and the complete expression for 
the transient in Figure 7 is 


=e eZ 
sin (wt —6+6)+(2Em/Z) sin (@—ad)e°'/7X 
[1 — "4/7/41 — 4/7) | — (Em /Z) X 
sin (9—6)e t+" —)4l/T (ga) 


- in which 6 is the new angle of retard. 


Inversion With no Counter 
Electromotive Force Present 


When a rectifier is supplying power to 
its load, it is operating as a rectifier in the 
normal sense; when it is absorbing power 
from the load, it is operating as an in- 
verter. Current can pass through the 


RECTIFICATION 
(STEADY STATE)| 


INVERSION 
(TRANSIENT) 


VOLTAGE 


Figure 10. Decomposition of the output 

voltage wave of a controlled biphase rectifier 

suddenly transferring from rectifier to inverter 
operation 
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Figure 11. Total and component current re- 

sponses in an inductive load supplied by a 

controlled biphase rectifier following an 

abrupt change from rectifier to inverter 
operation 


rectifier tubes, however, in only one direc- 
tion, and load current thus flows in the 
same direction for both rectification and _ 
inversion. 

To absorb power from some source in 
the load circuit, a rectifier therefore must 
have an output voltage which is either 
negative itself or, if positive, at least 
lower than the value necessary to keep 
the existing load current flowing through 
the load. In both cases, some energy 
source in the load circuit must supply 
power to keep the load current flowing. 

A rectifier supplying an inductive load 
such as a field winding will operate mo- 
mentarily as an inverter if the firing angle 
of the tubes is increased suddenly. While 
the current is dropping to its new level, 
the energy stored in the magnetic field 
will provide the power for inverter action. 
The equivalent circuit for the rectifier 
under these conditions is given in Figure 
8, where the polarity markings by the in- 


- ductance, L, show the induced voltage 


that maintains the flow of current.® 

Since there is no external source of 
energy in the load circuit, continuous in- 
version is impossible, and the load current 
will drop either to a value that can be 
supplied by the rectifier with the new fir- 
ing angle or to zero if the output voltage 
of the rectifier is negative. This charac- 
teristic provides rapid control of the cur- 
rent in inductive loads with no danger of 
excessive voltages. The stored energy is 
removed by delivering it through the 
rectifier back to the a-c supply lines. 
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average value, merely by making 6° 
greater than 90 degrees. 


s 


> 
. 
en 
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PHASE CONTROL S 
RETARDED 

DURING THIS 
INTERVAL 


Figure 12. Transient in an inductive load 


caused by suddenly retarding the firing angle 


Load supplied from a controlled biphase 


* 


rectifier 


Negative rectifier output voltages may 


‘seem startling. However, if the load cur- 


rent is somehow kept continuous, the out- 
put voltage in Figure 2, with a positive 


average value, can be changed into the 


output voltage of Figure 9, with a negative 


During inver- 
sion, the energy source in the load circuit 
keeps the current continuous, and 6 fre- 
quently does exceed 90 degrees. : 

Figure 10 illustrates this inverter action 


when firing is retarded. The top diagram 


shows how the output voltage changes as 
the firing angle is increased. In the de- 
composition of this output-voltage wave 
in the lower diagrams, é, the former out- 
put voltage as a rectifier, becomes zero at 
the instant inversion begins and is re- 
placed by the succession of sinusoidal 
voltages, €1, @2, €3, €4,.--- 

If the transient response to each of these 
voltages is obtained, the total current 
during inversion can be expressed as the 


“sum of an exponentially decaying com- 


ponent and the exponential and sinusoidal 
components of the current responses to 
each of the successive voltages. These 
component currents are shown in Figure 


11. In the interval between the appear- 


ances of e, and e, in Figure 10, the current ~ 


response is 


4p=i€ /7 —(Em/Z) sin (wt—0+41) — 


(Em/Z) sin (9—8:)e°/" (11a) 


in which the time ¢ is measured from the 
beginning of 1, 7) is the load current when 
#=0, and 6, is the previous angle of retard 
for operation as a rectifier. 

In the succeeding half cycles, time is 
measured from the instant of appearance 
of the sinusoidal voltage component for 
that half cycle, and 52 is the new angle of 
retard for inverter operation. If the in- 
terval between the appearances of e, and 
e; in Figure 10 is considered as the second 
half cycle, the current in the nth half 
cycle will be 


4, = tye” [t+ (52— 81)/wt(n—2)t4]/7 4 
(Em/Z) sin (wt—0+ 62) +(2Em/Z) X 
sin (0—8:)€ /7[(1—e (#—D4/7) 
(1—€"/7)]—(Em/Z) sin (6-81) X 


e7 [t4+(62—61)/w+(n—2)t]/T (11b) 
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Because the new angle of retard, 62, pro- 
duces a negative rectifier output voltage, 
the top diagram in Figure 11 shows that 
conduction stops after several half cycles. 


(Actually, the current would become dis- 
continuous with a very small average . 


value rather than stopping altogether.) 
It illustrates how a motor or clutch field 


can be completely de-energized by suffi- - 


ciently retarding the firing angle. If 5, is 
less than 90 degrees, however, the load 
current, instead of becoming zero, will 
merely drop to anew value asin Figure 12, 
and equations lla and 11b still will apply. 


Nothing has been said about the addi- _ 


tional requirements for successful opera- 


tion of the rectifier circuit during inver- ~ 
- sion since that subject is beyond the intent 


of this paper. It is well covered in tech- 
nical literature and has been mentioned in 
at least one recent article in AIEE 
TRANSACTIONS.® The work in this paper 
is based on the tacit assumption that none 
of these requirements is violated. 


Rectification With a Counter 
Electromotive Force Present 


This is the original case illustrated in 
Figure 3A. The circuit in Figure 3B has 
already been analyzed; all that remains 
is a study of the circuit in Figure 3C and 
the addition of this result to equation 9. 

By inspection, the current in Figure 3C 
is 


iz = (E,/R)(1—€-/") (12) 


The total current, 1,, is therefore 


1 =(exp) +11(sin) —1 
=(En/Z) sin (wt—0+5) +(2Em/Z) X 
sin (0—d)e7/? [(1—e7*4/?) + 
(1—e~ 4/7) ]—(E,,/Z) sin (0—8) X 
= [t+ (m—1)t]/T __ (E,/R)(1—e~ Pn) als) 
(13) 
Figure 13 shows the component currents. 


When steady-state conditions are estab- 
lished, 


4_ss=(Em/Z) sin (wt—0+8) + 
(2Em/Z) sin (0—8) [e777 + 
; (1-4/7) ]—E,/R (14) 


and, if the load inductance approaches in- 
finity, 
4,35 = (2/7) (Em/R) cos 6—Ey/R (15) 


The arc drop of a rectifier tube may be 


Chin, Walter—Transient Response of Rectifiers 


, GURRENT RESPONSE PRODUCED = 


ya BY COUNTER EMF = 


Figure 13. Current build-up in an induc 
load containing a counter electromotive for 


and supplied from a controlled biphase — 


rectifier =. 


a'4 


considered as the counter electromotive 
force, E>, if a more accurate solution is de- 
sired for the transient response in a load 
containing only resistance and inductance. 
E, can also be an actual battery, the speed 


- voltage in the armature of a d-c motor, or | 
the sum of the tube drop and a counter- 4 


voltage in the load circuit. 
Equation 13 assumes that conduction 


begins when the first rectifier tube is fired — 


after the switch in the load circuitisclosed. 
Actually, this is true only when E£,X 
siné>E,, because conduction will not begin 
unless there is a.positive-anode voltage 
across the incoming tube. If E,, sind<Ep, 
as illustrated in Figure 14, a slight 
correction is necessary in equation 13 to 
recognize that the first half cycle of cur- 
rent begins when £,, sin wt= Ep. 


Inversion With a Counter 
Electromotive Force Present 


An equivalent circuit for inversion with 
a counter electromotive force in the load 


- circuit depends on the polarity of that 


counter electromotive force. Figure 1 
can be used if the counter electromotive 
force opposes the load current and the in- 
verter action occurs as the angle of retard 
is increased to lower the value of the load 
current. The rectifier output voltage then 
will appear as in Figure 2, or possibly as 
in Figure 9 if the current is to be brought 
rapidly to zero. 

From the equivalent circuit of Figure 1, 
the transient response can be determined 


- immediately by adding the current rise 


caused by the counter electromotive force 


eer ee 
dl 
[aa en 


Figure 14. Possible relations between trans- 

former voltage and counter electromotive 

force at the. instant of firing a tube in a biphase 
rectifier 
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Figure 15 (left). Deconpasidan of the out- 
put voltage wave of a six-phase uncontrolled 
rectifier 


Figure 16 (right). Decomposition of the out- 


put voltage wave of a six-phase controlled 
rectifier — - 


to equations lla and 11b. In the first 


half cycle, 
| tine “YT _ (E,,/Z) sin (wt—0+6)) — 


(Em/Z) sin (0@—6)e—/7 — 
(Ey/R)(1—e"/7) (16a) 


In the succeeding half cycles, 


=[t)—(Ep,/Z) sin (@—6:) + 
E,/Rle~ [t+ (62 —&1)/wt+(n—2)h]/T ae 


(Em/Z) sin (wt—0+62) —E,/R+ 
_ (2Em/Z) sin (0—8:)e7/7 X 
[(1—e @— 4/7) (1 -—€-4/7)] (16b) 


When the counter electromotive force 
aids instead of opposes the flow of load 
current, it supplies energy to the circuit 
and continuous inversion is possible. If 
the transient is produced by retarding the 
firing angle in a circuit which is already 
operating as an inverter, the current re- 
sponse can be obtained directly from 
equations 16a and 6b by changing the sign 
of E, wherever it appears. Then Ey be- 
comes (E,—£,) instead of (E,+,), since 
arc drop always opposes load current. 

However, when the transient is caused 
by closing the main switch in the load 
circuit, the complete solution can be 


_ found from equations 13, 14, and 15, by 


reversing the sign of Z, and using E,= 
E,—£: 


Polyphase Rectifier Circuits 


To illustrate the generality of the 
method, Figures 15 and 16 show how the 
components of the voltage output of a six- 
phase rectifier are obtained. The tran- 
sient current for controlled or uncontrolled 
operation can be determined as the sum 
of the responses to these voltage com- 
ponents. 
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Y { make them all special cases. 


Special Circuits and Abnormal 
Operation 


Although the biphase rectifier output 
voltages studied so far are typical of the 
majority of such rectifiers, their uniform 
peak values and constant firing angles 
The general 
case. is shown in Figure 17 and could re- 
sult from an unbalanced supply trans- 


former winding, from dissimilar tube’ 


characteristics, or from both simultane- 
ously as illustrated. 

Despite the differences in peak trans- 
former voltage and angle of retard, this 
output voltage can be resolved as before 
into sinusoidal components. . All of these 
components, beginning with the second 
half cycle, have the same magnitude, 
Emt+Em, although the moments of 
their entries depend on the firing angle, 
8, or $9, in the corresponding half cycle of 
the complete output voltage. Appendix 
III contains the complete analysis of this 
general biphase case. For engineering 
work, the output voltages already used, 
while admittedly special cases, give suffi- 
ciently accurate results. 

However, two special rectifier circuits 
deserve mention since transient responses 
in them can be obtained from the general 
biphase case. If one of the thyratrons in 
Figure 1 is replaced by a phanotron, which 
has no control grid, the result is sometimes 
called the ‘‘horse-and-ox”’ circuit, for 
reasons which become apparent on study- 
ing the output voltage in Figure 18. 
While the peak voltage is the same for 
all the half cycles, 6, definitely differs 
from 6. From the voltage components 
shown, the transient response is obtained 
as before. 

The other special circuit, which has 
been termed the “‘free-wheeling”’ circuit, 
can be made by removing one half of the 
transformer winding in Figure 1 and re- 
placing the corresponding thyratron by a 
phanotron, Its output voltage is given in 
Figure 19. 

In addition to these variations of the 
biphase rectifier, certain abnormalities 
can occur also in polyphase circuits. For 
instance, if one anode in a six-phase recti- 
fier supplying an exciter field were to be- 
come inoperative, it would be practical as 


well as desirable to know if the field cur- 


rent would remain continuous. This 
could be accomplished readily by de- 
composing the output voltage of Figure 20 
and determining whether the current re- 
sponse during the interval of missing 
anode voltage is theoretically negative at 
any point. If it is, conduction will be 
discontinuous, for a reverse current can- 
not pass through a rectifier. 


Appendix I. Nomenclature 
R=resistance of load circuit, ohms 
L£=inductance of load circuit, henrys 
w=line frequency, radians per second 
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. Decomposition of the gener- 
alized output voltage wave of a biphase 
rectifier, considering unequal anode voltages: ee 
and firing angles . 


Figure 17. 


Z=load-circuit impedance at line fre- 
quency ; 
= (R?+w2L?)'/2 
T =time constant of load circuit, ero 
= 
6=load-circuit power- “fatter angle at ide 
frequency . 
=tans oli 
Em=peak value of the alternating voltage ; 
impressed on the load circuit Z 
E,=counter electromotive force in the load 
circuit, volts . 
E,=rectifier-tube are drop, volts 
E,=£,+£, for rectification 
=E,—E, for inversion 
p=number of rectifier phases 
t;=nominal conduction time per phase 
(for continuous conduction), seconds 
=2r/wp 
a=nominal conduction angle per phase 
(for continuous conduction), radians 
=wt, =20/p 
B=firing angle for uncontrolled recti- — 
fication with continuous conduction, 
radians 
=(4—a)/2=2(p—2)/2p 
6=angle by which firing is retarded be- 
yond 8, radians 
vy =angle, in a p-phase rectifier, by which 
the firing of the first anode is retarded 
beyond 6 due to closing of the switch 
to the load, radians 
e=general symbol for an applied voltage 
which is a function of time, usually - 
accompanied by an identifying sub- 
script but used without one in equation 
4 
E=peak value of the general sinusoidal 
voltage in equations 3 and 4 
t=time, seconds 


= 


Phanotron 
Conducts 


Pate, 
Conducts 


Figure 18. Output-voltage wave of a biphase 
rectifier employing one thyratron and one 
phanotron (‘horse-and-ox"' circuit) 


TRANSACTIONS 213 


Piri cure 19. Output-voltage wave ma a bi- 
_ phase rectifier employing one thyratron and 
one phanotron with the phanotron’s trans- 
former winding short-circuited or removed 
(“free-wheeling” circuit) 


Figure 20. Output voltage of a controlled 
six-phase rectifier with one rectifying element 
inoperative 


Appendix Il. The p-Phase 
Rectifier 


‘ Figure 21 shows the rectifier output volt- 
age of a p-phase rectifier. The immediate 
problem is to find the voltage that can be 
added to sin wt to obtain sin (wt—a). 


Em sin wt-+f() =Em sin (wt— a) 
f(t) = —2Em sin (a/2) cos [wt—(e/2)] (17). 


Thus 2E» sin (a/2) is the peak value of the 
_ successive component voltages. These com- 
ponents can be summarized as follows, let- 
ting t=0 at the beginning of the th com- 
ponent: 


€n=2Em sin (a/2) sin (wt+4) 


€n-1=2Em sin (a/2) sin (wt+6+a) 
€n2=2Em sin (a/2) sin (wt +5+2a) 


A nn See ON et es: (18) 
62 =2Em sin(a/2) sin[wt-+6+ (n—2)a] 
é:=Em sin [wt+5+(n—1)a+8] 
Equation 18 holds for 0<wt<a. The 
corresponding current responses are 
in =2(Em/Z) sin(a/2) sin(wt—0+8)+ } 
2(Em/Z) sin (a/2) sin @—8)e/" 
in1=2(Em/Z) sin (a/2) sin (wt —0+ 
b+a)+2(Em/Z) sin (a/2) X 
sin (@—5)e (t+4)/7 
in—2=2(Em/Z) sin(a/2) X 
sin (wt—9+6+2a) +2(E,/Z) X 
sin (a/2) sin (9@—8) 7 t24)/7 (19) 
1, =2(Em/Z) sin (a/2) sin [wt—0+6+ 
(n—2)a]+2(Ep,/Z) sin (a/2) X 
sin (9—6)e t+" —2) 4) /T 
4,=(Em/Z) sin [wt—0+6 
+(n—1)a+8)+(En/Z) 
sin (@—B—5—y) ee —Ya— ye) /7 
The total current response is 
y=hta+ sae +tn-2+tn-1 Spt 
=(Em/Z) sin (wt—0+6+68)+ 
2(Em/Z) sin (a/2) X 
sin (6—a)e/7[(1L—e 94/7) 7 ( (20) 


(1-€°9/) | + (Em/Z) X 
sin (9Q—B—5—y)e + @—Y4—y/o)/T 
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} Figure 21. 


RE el an 
Output 
voltage of the gen-_ 
eral p-phase rectifier © 


for OS ts hh. 
In steady state, equation 20 heconics 


i,=(Em/Z) sin (wt -0+6+ 8) +2(Em/Z) X 


sin (a/2).sin (6—a)[e-/7/(1—e-/7)] Xe 


If a counter electromotive force, Ey, is 
present, the steady-state solution is : 


i,=(Em/Z) sin (ot—0+6+8) —Ep/R+ 
2(Em/Z) ‘< (a/2) sin (@—5) X 
e/T/(1—e W/7)] (22) 


Appendix Ill. The General 
Biphase Rectifier 


The voltage components shown in Figure 
17 may be summarized in two ways. If 2 
is odd, 


€n=(Em+Em:) sin (wt+61) 
€n—1 = (Em +Em) sin (wt-+61+7) 
€n—2= (Emi tEm:) sin (wt-+61:+27) 


0 O19. 9 080 oye):4, 0 eho jal lv .0 0.2 100 6) Melee) (9 ee 


€3=(Em+Em) sin [wt+6,+(2—3)r] 
€2= (Em, +Em:) sin [wt-+61+(n —2) x] 
&:=Em, sin [wt-+6:+(2—1)7] 
for 0<wt< (r+ 62—46)). 

If 2 is even, 


€n = (Emi +Emz) sin (wt+652) 
€n—1 = (Em t+Em) sin (wt+52+7) 
€n—g = (Em t+Em) sin (wt-+62+27) 


we te tw wee m meee eer er sre sere oe ee see 


€3= (Em, + Em) sin [wt+62+(n—3)7] 
€2= (Em t+ Em) sin [wt+62+(n—2)r] 
@:=Em, sin [wt-+d.+(n—1)r] 


for 0<at< (r+ 61 = 5). 

Finding the current responses is compli- 
cated somewhat by the difference between 
6, and é9. If m is odd, the current compo- 
nents are 


in = [(Em+Em)/Z] sin (wt—0-+- 61) + 
(Emi +Em:)/Z] sin (@—6)e~/7 


~1=[(Emt+Em)/Z] sin (wt—@-+ 
ii t+1) +1 (Em t+ £Em:)/Z)X 
sin (8 — 5.) €~ [t-+-t1+ (51 — 52) /w] /T 


Ino = [(Em+Eme)/Z)X 
sin (wt—0+6:+7) +[(Em + 
Em)/Z | sin (0— 68) €7 +24)/7 


43 = [(Em+Em)/Z] sin [wt—0-+-6,+ 
(n—3)a)]+[(Em+Eme)/Z1X 
sin (@—6,)e7 t+ @—)4)/7 


t2=[(Em+Em2)/Z] sin [wt -0-+- 
i+ (n—2)r]+[ (Emi t+Em)/Z)X 
sin (9 — 82) €~ [4+ (%—2) at (61 — 32/0] /7 
11 =(Em,/Z) sin [wt -—O+6,+ 
(n—1)4]+(Em,/Z) X 
sin (9—8,)e€ t+@—Da)/T 


6). 


(24a) 


for 0<wt< (r+ & — 
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“bya (Eos /Z) si Lob eae 


If n is even, the ‘curren ’ 


= [(Emit+-Em:)/Z) sin ot 
[(Em+Em2)/Z] sin (0—82)€ 


in—1 = [(Emit+Em2)/Z1X 
sin (0—8,)e7 [+ 4+@ 
[ (Emi +E me) /Z\ sin (wt— —6+ 
82+27) +[(Emit+Em2)/Z)X 
sin (0—5,)e~ (#424)/7 


In-2= 


tions Beg) /Z\sin [wt—0+ 
e+ (n—3)r]+[ (Emi +Em2)/Z) x 
sin (0 —6;)€~ [t+ (n—3)t+(62—81)/@]/T 


Breese en A 
sin (9—59)e7 + @—2)4)/T | 


(n—1)r]+(Em/Z) X 
sin (9—6,)e- + @— — Dine (62—01)/a]/7 


for 0<wt<(r+6,— be). 
The sum of the responses, when 1 is s odd, 
is : 


44=(Em/Z) sin (wt—6+61) + 


[(Emi+Em2)/Z] sin (0-61) erie x 
[(1 —e- 94/7) (1 — e-4/7) | — (Engg /Z) X 
sin (9—5y)e~ EHD ANTE [Egg + 

Em) /Z [sin (6 — 8) €~ (+ @1—22)/e1/7] x 
Lh A eee 


for OSwtS (r+ 52 — 6;). 
When is even, the total current is 


44=(Em,/Z) sin (wt—@+62) + 
[((Em + Ems) /Z\e-/7} x 
LL = et ee ae a 
[sin (0 — 5,) + €~ (62 41)/? sin (9 — 81) ]— 


- 


(25a) 


(Emo/Z) si, (6 — 8) #219 Ga= 0) 7aly Te 


(25b) © 


for OSwtS (r+6; — 62). 


References 


1. THerory or RECTIFIER—D-C Motor Drive, 
E. H. Vedder, K. P. Puchlowski. AIEE TRANSAc- 
TIONS, volume 62, 1943, pages 863-9. : 


2. OPERATIONAL Crrcurr ANAtysis (book), V. 
Bush. John Wiley and Sons, Inc., New York, 
N. Y., 1929. Page 56. 


3. CrrcurirT RESPONSE TO NONSINUSOSDAL WAVE 
Forms, P. T. Chin. Electronics, October 1944, 
pages 138-41. 


4. INTRODUCTION TO ELECTRIC TRANSIENTS 
(book), E. B. Kurtz, G. F. Corcoran. John Wiley 
and Sons, Inc., New York, N. Y., 1935. Page 
151. 


5. A GrapuicaL ANALYSIS OF THE VOLTAGE AND 
CuRRENT WAVE ForMsS OF CONTROLLED RECTI- 
FIER Circuits, P. T. Chin, E. E. Moyer. AIEE 
TRANSACTIONS, volume 63, 1944, July section, 
pages 501-08. 


6. INVERTER ACTION ON REVERSING OF THYRA- 
TRON Moror Conrtrot, H. L. Palmer, H. H. Leigh. 
AIEE Transactions, volume 63, 1944, April sec- 
tion, pages 175-84. 


ELECTRICAL ENGINEERING 


-ieiae oo) 4a 


are) N a eS 4 
EC T 10 N- . 

a 

reprint of Corresponding Pages From the Current Annual AIEE Traneactore Volume a 
a le vecto 2 consta: <Ths 4 

A Beran Be the Aepldes eee ee to ee ae a 


clockwise at carrier frequency. Its 
length can be taken as unity or 100 per - 
cent. é 


* 


~~ 
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Fe aliicn, Frequency-Modulation, 
and Single-Side- Band Systems for 


ANY utility engineers interested in 
increasing the applications of power- 
tine carrier on their systems are con- 
fronted today with the difficult problem 


of finding space for additional channels in. 


an already crowded carrier spectrum. 
This is a problem, not only for large 
utilities which have extensive carrier sys- 
tems of their own, but also for smaller 
companies interconnected into large 
‘groups in which the total number of car- 
rier installations is large. — 

- Other problems that arise in some 
-power-line carrier applications are the 
high attenuation of some long-haul com- 
munication and telemetering circuits, 
particularly those which include several 
_by- pass points, and the high interference 
and noise levels that exist on some lines. 

In general, increasing the power of 
ordinary amplitude-modulation equip- 
‘ment does not provide a satisfactory solu- 
tion to these problems. This fact has led 
to a consideration of the possibilities in 
_the power-line carrier field of two systems 
of transmission fundamentally different 
from the amplitude-modulation system, 
namely, the frequency-modulation sys- 
tem and the single-side-band system. 
The ability of a frequency-modulation 

power-line carrier system to provide 
gains in signal-to-noise ratio over the 
amplitude-modulation system with cer- 
tain types of noise has been reported in a 
previous paper.! 
which must be provided for a frequency- 
modulation system in order to obtain 
appreciable gains in this respect was not 
clearly brought out, however. It is the 
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The channel width 


Power- Line Carrier Transmission 


R. C. CHEEK 
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purpose of the present paper to consider 
more fully this limitation of the frequency- 
modulation system for power-line carrier 
work, and to furnish a comparison of 
the amplitude-modulation, frequency- 
modulation, and single-side-band systems 
on the basis of their channel-width re- 
quirements, their ability to work through 
attenuation, and their susceptibility to 
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Figure1. Amplitude-modulation system 


(a). Unmodulated conditions, in spectrum, 
wave, and vector representation 
(b). Complete modulation 


interference and noise. Since the ampli- 
tude-modulation system is used in this 
paper as a basis of comparison for the 
other two systems, it will be considered 
first. 


Width of Channel Required by the 
Amplitude-Modulation System 


Conditions are shown in Figure 1a for 
the amplitude-modulation system when 
no modulation is present, that is, when 
there isno speech or telemetering impulse 
on the channel. The only. component in 
the frequency spectrum is the carrier, a 
constant-amplitude single-frequency sine 
wave, which is shown in vector form as a 
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Conditions for 100-per-cent amplitude 
modulation of the carrier wave by a 
sinusoidal audio tone are shown for com- 
parison in Figure 1b. In addition to the 
catrier-frequency wave of 100-per-cent 
amplitude, two additional high-frequency 
waves are introduced into the frequency 
spectrum, one of a frequency equal to 
carrier frequency plus modulating fre- 
queticy, and one of frequency equal to 
carrier frequency minus modulating fre- 
quency. The amplitude (voltage) of each 
of these additional components, which are 
called the side-band components, is 50 
per cent of the carrier amplitude. The 
power in each side-band component there- 
fore is 25 per cent of the carrier power. 
This gives a total average power during 
complete modulation of 1.5 times the un- 
modulated carrier power. This power is 
the average of the variations in total 
transmitted power as the carrier and side- 
band components combine to give a-wave 
whose power varies between the limits of 
zero and four times the unmodulated car- 
rier power during an audio cycle. 

A vector representation is given in 
Figure 1b of the way in which the side- 
band components combine with each 
other and with the carrier component to _ 
produce a resultant whose amplitude 
varies between zero and twice carrier am- 
plitude and whose frequency is always 
carrier frequency. The vector diagrams 
are drawn for successive intervals of time 
during an audio cycle. The vectors rep- 
resenting the upper and lower side-band 
components revolve about the carrier 
vector in opposite directions at audio fre- 
quency; because their frequencies are 
carrier frequency plus audio frequency 
and carrier frequency minus audio fre- 
quency, respectively. The two side-band 
vectors are always of just the proper phase 
to produce a resultant which directly aids 
or opposes the carrier vector. 

In the foregoing discussion, modulation 
by a single audio frequency was assumed. 
This produced one pair of side-band com- 
ponents. If more than one audio. fre- 
quency were present, a pair of side-band 
components for each, of frequency equal 
to carrier plus audio frequency and carrier 
minus audio frequency, would be pro- 
duced. In such a case the sum of the am- 
plitudes of the upper side-band com- 
ponents would equal 50 per cent of the 
carrier amplitude, and the sum of the 
lower side-band components would equal 
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Figure 2. Amplitude and phase modulation 
of a carrier by an interfering wave 


50 per cent of the carrier amplitude for 
complete modulation. - 

In the amplitude-modulation system 
the carrier and all side-band components 
are transmitted, and an amplitude- 
modulation receiver must accept a fre- 
quency band sufficiently wide to accom- 
modate the lowest and highest side-band 
components produced. The channel 
width required is therefore twice the fre- 
quency of the highest audio frequency to 
be transmitted. In power-line carrier 
work this normally means a band of six 
kilocycles to accomodate speech’ fre- 
quencies and audio tones as high as three 
kilocycles. 


Effects of Interference and Noise on 
an Amplitude-Modulated Signal 


In the amplitude-modulation system, 
the receiver responds only to changes in 
the amplitude of the carrier; changes in 
the phase or slight changes in the fre- 
quency of the carrier produce no audible 
output from the receiver. Interference 
with an amplitude-modulated signal 
occurs when an undesired wave is passed 
by the tuned circuits of the receiver 
(which must accept all frequencies in a 
six-kilocycle band in the system under 
discussion) and adds to the carrier wave 
in much the same manner as the desired 
side-band components add to it, produc- 
ing variations in its amplitude. If the 
undesired signal is another carrier wave, 
the familiar beat-note type of interfer- 
ence is the result. The frequency of the 
audio output of the receiver for this type 
of interference is the difference between 
the frequencies of the carrier and the in- 
terfering wave. The amplitude of the 
audio output is the same for all interfer- 
ing waves of equal amplitude applied to 
the detector, whether their frequency is 
close to that of the desired carrier or close 
to the edge of the band accepted by the 
receiver. 

Vector diagrams showing the effect of 
interference on an amplitude-modulated 
catrier are given in Figure 2, in which the 
amplitude of the interfering wave is as- 
sumed to be ten per cent of the amplitude 
of the desired carrier. Assuming that no 
side-band components are present, that 
is, that the carrier is not intentionally 
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_ frequency between the two. 


being modulated, ‘the carrier vector ists 
again a vector of constant length, rotat- 5 
ing at carrier frequency. — The vector rep- 
resenting the interfering wave adds to the — 
carrier vector and revolves about it at a 


frequency equal to the difference in 
The re- 
sultant vector varies in amplitude and 
phase at this difference frequency. The 
amplitude variations are equivalent to 
ten-per-cent modulation of the carrier 
amplitude, and the receiver detects them 
as such. 

The foregoing discussion was based on 


interference from a single-frequency wave. | 


Random noise consists of a large number 
of such waves of all frequencies, distrib- 
uted throughout the band accepted by 
the receiver. The effective noise, voltage 
output of the receiver is the effective value 


of the noise produced by all the random . 


noise components accepted by the re- 


ceiver. Assuming that noise components - 


of all frequencies are present, and that 
they have equal amplitudes, the rms 
noise output of an amplitude-modulation 
receiver is 


ihe 


where & represents the amplitude of the 
noise produced by each individual noise 
component, fmax is the highest audio fre- 
quency to be transmitted by the system, 
that is, the cutoff point of the receiver 
pass band above and below carrier fre- 
quency, and F, and F, are the fre- 
quencies of the noise and carrier com- 
ponents, respectively. 


k?d(Fn— F;) 


max 


=kV 2Fmax(1) 


Width of Channel Required by the 
Frequency-Modulation System 


In the frequency-modulation system? 
a carrier signal, identical in every respect 


to the amplitude-modulated carrier, is © 


transmitted during periods when modula- 
tion is absent. These conditions are 
shown in Figure 3a. The only quantity 
transmitted is a  constant-amplitude 
single-frequency sine wave, represented 
by a single vector of constant length. 
When modulation is present the condi- 
tions shown in Figure 3b are obtained in a 
particular frequency-modulation system. 
The transmitted wave has the same am- 
plitude as the original cafrier, but its fre- 
quency varies above and below the origi- 
nal carrier frequency. This variation in 
frequency takes place at a rate corre- 
sponding to the audio frequency being 
transmitted. It is caused by the presence 
of side-band components, as in the am- 
plitude-modulation system. However, 
several important differences exist. In- 
stead of a single pair of side-band com- 
ponents for a single modulating frequency, 
as in amplitude-modulation, an infinite 
number of side-band pairs is produced in 
frequency modulation. These side-band 
pairs are spaced in the spectrum above 
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sep pair occurs iat carrier pl use an¢ 
minus twice audio frequency, the ‘third a 
carrier plus and minus three times a dio 
frequency, and so on. Although there 
are an infinite number of side-band pairs 
in a frequency-modulated signal, the am 
plitude of each pair is generally different , 
and at a certain distance in each direction 
from carrier frequency the ora 
higher- and lower-frequency side-ban 
components become negligible. - 
Another important difference betwee 


frequency modulation and amplitud 


modulation is that in frequency modula- 
tion the amplitude of the carrier-fre- 
quency component is always reduced dur 
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Figure 3. Frequency-modulation system 


ot | 


(a). Unmodulated conditions, in spectrum. 
wave, and vector representation 
(6). Modulation with unity deviation ratio 


ing modulation, and the vector represent- 
ing it changes in length accordingly 
However, the resultant obtained by add. 
ing the new carrier vector and the side. 
band vectors is, always in true frequency 
modulation a vector of length equal tc 
the original length of the vector represent. 
ing the carrier. The intelligence i is trans 
mitted, not by a change in the amplitude 
of the resultant vector, but by a cen 
tinuous oscillation in its phase position 
This oscillation in the phase position o 
the resultant vector introduces a modula 
tion of the frequency, because during the 
process of a change in phase a chang 
takes place in the speed of rotation of th 
vector, which of course means a change it 
frequency. The frequency deviation fron 
normal at any instant is proportional t 
the rate at which the phase of the result 
ant vector is changing at that instant. 
The ratio of the maximum resultan 
frequency deviation to the highest audi 
frequency to be transmitted in a fre 
quency-modulation system is called th 
deviation ratio. The conditions shows 
in Figure 3b are those obtained with | 
maximum carrier-frequency deviation o 
three kilocycles above and below norma 
with a modulating frequency of three kilc 
cycles. If three kilocycles is the highes 
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as is assumed to be the case in all 
5 


system with unity deviation ratio has 
een chosen for illustration because, as 
will be shown later, it igonly with a devia- 
ion ratio of at least unity that the fre- 
quency-modulation system offers appre- 
‘iable gains in signal-to-noise ratio over 
plitude modulation. 
The vector diagrams of Figure 3b 
show at successive intervals of time how 
-with unity deviation ratio the resultants 
of each pair of side-band vectors add to 
he carrier vector to maintain the ampli- 
‘tude but to produce a change in the phase 
of the transmitted wave. The two vec- 
tors representing the first side-band pair 
‘ ‘evolve about the carrier vector in oppo- 
site directions at audio frequency. Their 
esultant is always of such a phase as to 
add in quadrature with the carrier vec- 
‘tor. The vectors representing the second 
-side-band pair revolve about the resultant 
of the first side-band pair at twice the 
audio frequency, producing by them- 
selves a resultant always in phase with 
the carrier vector. The vectors of the 
_third side-band pair revolve about the re- 
“sultant of the second side-band pair at 
_ three times the audio frequency, produc- 
ing by themselves a resultant always in 
‘quadrature with the carrier vector. There 
are successively higher and lower side- 
band pairs, but they are small and their 
-resultants are not shown. The total 
effect of all the vectors is to produce a re- 
sultant vector whose length is always 
‘that of the vector representing the origi- 
nal carrier, but whose phase varies in 
accordance with the transmitted audio 
frequency. This phase oscillation pro- 
duces an oscillation in the frequency of 
the transmitted wave. 

It can be seen in Figure 3b that, al- 
‘though the frequency swing of the result- 
-ant wave is only three kilocycles above 

and below carrier frequency, the side- 
band components that must be trans- 
mitted in order to obtain this frequency 
swing actually occupy a band width 
greater than six kilocycles. According to 
' Hund,’ good engineering practice requires 
that the side-band components in a band 
50 per cent greater than the maximum re- 
sultant frequency, swing above and below 
normal carrier frequency be transmitted, 
‘that is, all side-band components in a 
band of width 1.5 X 2AF, where AF is the 
maximum frequency deviation from nor- 
mal. Narrowing the transmitted or re- 
ceived band width to less than this figure 


will introduce excessive audio distortion » 


into the channel. 

Suppose, for example, an attempt were 
made in the system under consideration 
to reduce the channel width occupied by 

the transmitted signal by transmitting 
only those side-band components in a fre- 
quency band three kilocycles above and 
_ below carrier frequency. For modulation 
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§ stems considered in this discussion, the — 
deviation ratio of the system is unity. A 


by any ee fae from titres: ne 
cycles down to 1.5 kilocycles, the carrier 
and only a single pair of side-band com- 
ponents would be transmitted. At suc- 
cessively lower frequencies in this range, 
the amplitude of the carrier component 


becomes successively less, the amplitudes © 


of the suppressed side-band components 
beccme greater, and the distortion of the 
apparent swing of the resultant signal in- 
creases. The distortion is greatest just 
below the point at which the second side- 
band pair comes within the transmitted 
band of frequencies, that is, at a modulat- 
ing frequency of 1.5 kilocycles. The re- 
sultant frequency swing, as it appears to 
a discriminator with center frequency 
tuned to carrier frequency, is shown in 
Figure 4 for several modulating fre- 
quencies between 1.5 and 3 kilocycles. 
The curves of Figure 4 were plotted from 
relations derived in the appendix. 


Effects of Interference and Noise on 
a Frequency-Modulated Signal 


The frequency swing of a frequency- 
modulated signal above and below 
normal frequency depends upon two fac- 
tors: the loudness of the modulating sig- 
nal, anid the frequency swing the system 
is designed to have for a signal of that 
loudness. The frequency swing in a 
given frequency-modulation system is the 
same for any audio frequency of a given 
loudness. This means that the phase 
swing must be inversely proportional to 
the modulating frequency. If the lower 
modulating frequencies are to produce 
the same frequency change as the higher 
modulating frequencies, the resultant 
vector representing the signal must 
travel through a greater phase change 
during a low-frequency audio cycle than 
during a higher-frequency audio cycle. 
In other words, the speed of swing of the 
resultant vector is the same at a given 
point on the audio cycle, whether the 
audio frequency is high or low. The re- 
sultant vector has a longer time to change 
in phase during a low-frequency audio 
cycle; so the actual phase swing is greater 


rae 


« 


than for a higher-frequency audio cycle. 


This fact is important to an understand- 
ing of the way in which frequency modula- 
tion can provide gains in signal-to-noise 
ratio over amplitude modulation. 

The deviation ratio 
modulation expresses in radians the maxi- 
mum phase swing when the signal is 


modulated by a wave of maximum loud- — 


ness and of the highest audio frequency 
the system is intended to transmit. In 
the system under consideration, which 
has unity-deviation ratio, the phase 
swing is one radian when a three-kilocycle 


tone of maximum loudness is being trans- _ 


mitted. This phase swing varies in- 
versely with the audio frequency if the 
audio amplitude is kept constant and be- 
comes enormous with very low modulat- 
ing frequencies. 

Consider the effect of adding to the un- 
modulated frequency-modulation carrier 


the same interfering signal assumed in ~ 


the discussion of amplitude modulation 
in Figure 2. If the interfering wave has 
ten per cent of the amplitude of the de- 
sired carrier and has a frequency three 
kilocycles away from carrier frequency, 
the vector representing it will revolve 
around the carrier vector as before, pro- 


ducing a resultant whose amplitude > 
varies ten per cent above and betow © 


normal amplitude and whose phase os- 
cillates with a maximum swing of 5.7 de- 
grees or 0.1 radian. Amplitude limiters 
in the frequency-modulation receiver re- 
move the amplitude variations, but the 
receiver responds to the phase variations. 
The phase swing is one tenth of the swing 
produced when the system is modulated 
by a three-kilocycle tone of maximum 
loudness; therefore the interfering signal 
causes the same amount of interference 
it caused to the amplitude-modulation 
carrier. 

If the interfering signal is removed 
only 1.5 kilocycles in frequency from the 
carrier, however, conditions are some- 
what different. Assuming again that the 
amplitude of the interfering wave is ten 
per cent of normal carrier amplitude, the 
same (),1-radian phase oscillation occurs, 


Figure 4. Distortion of a fre- 
signal 
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this time at a frequency of 1.5 kilocycles. 
This swing is only 1/2 of the phase swing 
for a desired 1.5-kilocycle modulation of 
maximtm loudness. The result is that, 
although the amplitude of the interfering 
wave is the same as before, the amount 
of audio output it causes is only half as 
much. As the interfering signal gets 
closer and closer in frequency to the car- 
rier, the audio output it produces be- 
~ comes less and less, reaching zero at car- 
‘rier frequency. 

It has been shown that in order to ob- 
tain reasonably distortion-free repro- 
duction of the signal, the receiver in this 
-system will have to accept a band of fre- 
quencies greater than three kilocycles 
above and below carrier frequency. In- 
terfering waves in this band removed 
more than three kilocycles from the car- 
rier will cause more interference in the 
frequency-modulation receiver than they 
would cause in the corresponding ampli- 
tude-modulation receiver, even if the 
latter were required to accept such fre- 
quencies. Actually the radio-frequency 
circuits in an amplitude-modulation re- 
ceiver normally are designed to pass a 
band of width equal to twice the maxi- 
mum audio frequency, or six kilocycles 
in this case. The same effect could be ob- 
tained in the frequency-modulation re- 
ceiver under consideration by passing the 
required band of frequencies in the radio- 
frequency circuits but designing the audio 
circuits so that they cut off sharply at the 
maximum audio frequency of three kilo- 
cycles. In ultrahigh-frequency frequency- 
modulation broadcasting, where the band 
accepted by a receiver is approximately 
225 kilocycles, the same effect is obtained 
without such filters, because audio fre- 
quencies up to 15 kilocycles are trans- 
mitted. Practically the entire audible 
range is covered, and the ear inherently 
acts as a cutoff device, since it does not 
respond appreciably to interference which 
produces an audio output of frequency 
above 15 kilocycles.’ 

The amount of interference produced 
by single interfering waves of a given 
amplitude in the frequency-modulation 
system can be expressed as 

sf aes c 


Ey=k etc. (2) 
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in which F; — 


\ 
a 


plitude redulesor and 


_modulation system as deviation 
 tatio is increased _ 


Maximum audio rene) 
three kilocycles 


F, is the difference between 
the interfering frequency and the carrier 
frequency, and & is the interference pro- 
duced-when this difference is equal to 
AF, the maximum deviation of frequency 
of the system. The factor k in equation 2 


is the same as the factor k which appears © 


in equation 1 for the amplitude-modula- 
tion system, if it is assumed that the fre- 
quency AF is in the audible range and is 
passed by the audio circuits of the re- 
ceiver. 

The effect of random noise = upon a fre- 
quency-modulation signal can be found 
by integrating to determine the rms noise 
output, as before. Assuming that a band 
width of 1.5 X 2AF is passed by the fre- 
quency-modulation Reet Nels we have 


1.54F : 
Ea sh fan = 
a 1.6AF AF 
=1.5kV AF (3) 


if it is assumed that AF is within the 
range of audible frequencies and that no 
low-pass filter is provided in the audio 
circuits of the receiver. If such a filter is 
provided, the maximum gain in signal-to- 
noise ratio is obtained when its cutoff 
frequency is fmax, the highest audio fre- 
quency to be handled by the system. 
The limits of integration in equation 3 in 
this case become —fmax and fmax, and we 
have 


bf maxV 2f max : 
/3 AF ; 


Equation 4 for the frequency-modula- 
tion system is exactly equivalent to equa- 
tion 1 for the amplitude-modulation sys- 
tem, assuming that the same maximum 
audio frequency is to be transmitted by 
each. This provides a basis for directly 
comparing the performance of the two 


Erm = 


systems. Dividing equation 4 by equa- 
tion 1, we have 

Ey-m __fmax (5) 
Ea_m V/3 AF ; 


Equation 5 shows that with unity- 
deviation ratio, the frequency-modulation 
system provides a gain in rms signal-to- 
noise ratio of 4.8 decibels over amplitude 
modulation. Larger-deviation ratios pro- 
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The Single-Side-Band system , 


In the a ade eee “system, 
the carrier-frequency component of 
signal is unchanged during modems 
as shown in Figure 1. Modulation merel 
introduces additional components, whic 


the amplitude of the resultant signal 


varies above and below carrier ampli- 


tude. It can be seen from the vector dia- 
grams of Figure lb that it would be 
possible to communicate with one of the 
side-band components suppressed. The 
remaining component still would produce 
amplitude variations in the resultant 
signal at the modulating frequency, and 
these variations could be detected by an 
ordinary amplitude-modulation receiver. 
It is possible to go a step further and sup- 
press the carrier itself as well as the com- 
ponents of one of the side bands. If this 
is done in a low-power stage of an ampli- 


tude-modulation transmitter, the entire 


power capability of the transmitter can 


- be used to amplify and transmit the com- 


ponents of a single side band. The car- 
rier-frequency component, upon which 
the side-band components act to produce 
amplitude variations, can be supplied by 
a small oscillator at the receiving end of 
the channel; thus, instead of using a 
comparatively large amount of power at 


the transmitting end to generate a con- 


stant-frequency constant-amplitude sine 
wave, which contains no intelligence, and 
subjecting it to all the attenuation and 
losses involved in transmitting it to the 
receiving end of the channel, it is possible 
to produce the equivalent of this wave 
with very little power at the receiving 
point. The power which ordinarily is 
used at the sending end to transmit the 
carrier component then can be used to 
transmit intelligence-bearing components 
of a single side band. In the remainder 
of this paper, the single-side-band system 
referred to is the type in which the carrier 
as well as one of the side bands is sup- 
pressed. 

The conditions for no modulation in the 
single-side-band system are shown in 
Figure 6a. The frequency spectrum con- 
tains no components of any frequency 
under these conditions, and the constant- 
frequency constant-amplitude carrier 
common to the amplitude-modulation 
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being transmitted. Actually, either the 
pee or the lower side-band component 


Be caditions! 

__ The vector diagrams of Figure 6b rep- 
resent conditions at the receiving end of a 
single-side-band channel when modula- 
ion is present. The locally generated 
‘carrier wave is shown as a dotted vector, 
_ to which the incoming side-band vector 
_isadded. The frequency of the side-band 
wave differs from the locally generated 
carrier frequency; therefore the vector 
representing it revolves about the carrier 
vector. This variation takes place at 
a frequency, and the resultant vector 


varies in amplitude at the audio fre- - 
s Brauency. ‘The resultant wave, prodiced © 


a by adding the local carrier and the re- 
ceived side-band wave, is a wave very 
_ similar to that which would have been ob- 
_ tained had the carrier and both side-band 
_ components been transmitted from the 
sending end. This resultant wave can be 
_ applied to an ordinary amplitude-modula- 
_.tion detector and rectified in the usual 
_ manner. 

The width of the channel required by 
the single-side-band system is exactly 
- half that required by the amplitude- 
- modulation system. In other words, the 
space in the spectrum occupied by a 
_ single-side-band transmitter and the band 
_ of frequencies which must be accepted 
_ by the receiver are equal to the maximum 

audio frequency to be transmitted, or 
_ three kilocycles for ordinary power-line 
_ carrier work. — 


Gains in Signal-to-Noise Ratio 
With the Single-Side-Band 
System 


A single-side-band receiver must accept 
only half the band width required in 
an amplitude-modulation receiver. The 

‘lower limit of the integral of equation 1 is 
zero for the single-side-band system, and 
we have 


Imax ce 
Eom =" 5h k3d(Fa—F) =kVfmax (6) 
0 


Halving the band width therefore elimi- 
nates half of the noise power and pro- 
vides an immediate gain of three decibels 
for the single-side-band system. Other 
gains can be realized, depending upon the 
characteristics of the transmitter used to 
amplify the single-side-band signal. 
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ng that the upper side-band component _ 


“troughs” 


In the amplitude-modulation ‘system 
the average power transmitted during 
complete modulation is 1.5 times the un- 
- modulated carrier power. The extra 
_ power required during modulation can be 
supplied in several different ways. In 
one system, the output stage of the trans- 


_ mitter is capable of handling only the 


normal carrier power, and the additional 
50 per cent is supplied by power-type 
modulator tubes. In another system, the 
output stage of the transmitter operates 
at a relatively low efficiency during 
periods of no modulation. The modulator 
supplies no appreciable power but acts 
to change the efficiency of the transmitter 
during modulation, increasing the average 
output by 50 per cent. In both cases, 
the 1.5 times normal power during modu- 
lation is the average power. transmitted 
as the instantaneous power varies be- 
tween the limits of zero and four times 
normal during the audio cycle, and an 
amplitude-modulation transmitter of the 
efficiency-modulated type must be able 
to produce this four times normal power 
at its peak efficiency, which it reaches for 
an instant during each audio cycle. 

When an amplitude-modulation trans- 
mitter of the efficiency-modulated type 
is used to amplify a single-side-band com- 
ponent, it can operate at peak efficiency 
throughout the audio cycle, because the 
signal is a constant-amplitude radio- 
frequency wave without the peaks and 
of an amplitude-modulation 


signal. The amplitude of the single-side- 


_band component transmitted therefore is 


twice the amplitude of the carrier which 
is transmitted by the same equipment in 
the amplitude-modulation system. This 
signal, added to the locally generated 
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(a) (b) 
Figure 6. Single-side-band system, in spec- 
trum, wave, and vector representation 


(a). Unmodulated conditions 

(b). Modulation producing side-band power 

of four times unmodulated carrier power in 
amplitude-modulation system 


carrier-frequency wave at the receiving 
end of the channel, produces a variation 
in the amplitude of the resultant wave 
twice as great as the variation in the am- 
plitude of the signal transmitted by the 
saine apparatus in amplitude modulation. 
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This is an additional gain of six decibels, 
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which added to the three decibels gained 


_ by reducing the channel width gives a 


total gain for the single-side-band system 
of nine decibels over the amplitude- 


modulation system, with the same ap- 
paratus and the same peak transmitted 


power. In other words, the single-side- 


band system provides the equivalent of- 


an amplitude-modulation system of eight 
times the carrier power and occupies only 
half the amplitude-modulation channel 
width. 


Equations 4 and 6 provide a means of 


comparing directly the performance of 


the frequency-modulation and single. 


side-band systems in the presetice of ran- 
dom noise. Dividing equation 4 by equa- 
tion 6 we get 


ey: 
Esssp AF Y3 


The two systems cannot be compared on 


the basis of the same required channel 
width, because at least the first pair of 


side-band components must be trans- 
mitted in the frequency-modulation sys- 


tem. Even-though the peak-to-peak fre-- 


quency swing 2AF of the frequency- 


modulation signal is limited to the band - 


width of the single-side-band signal, the 
first pair of side-band components re- 
quired to produce the swing occur at car- 


tier frequency plus and minus audio fre- 


quency, as in the amplitude-modulation 
system. For a maximum audio frequency 
of three kilocycles, a comparison can be 


made between the single-side-band sys- . 


tem with a three-kilocycle band width 
and the frequency-modulation system 
with the minimum band width of six 
kilocycles. The requirement that the 
frequency-modulation band width be at 


ie 
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least 1.5 X 2AF gives a maximum value - 


of two kilocycles for AF, for which equa- 
tion 7 shows a gain of 1.8 decibels for the 
single-side-band system, with a peak 
power which is reached only intermit- 
tently during conversation, equal to the 
continuously transmitted power of the 
frequency-modulated signal. If ad- 
vantage is taken of the power capability 
of an efficiency-modulated amplitude- 
modulation transmitter to amplify the 
single-side-band signal, as discussed in the 
previous paragraph, the additional gain 
of six decibels brings the total gain to 7.8 
decibels. In all cases the frequency- 
modulated signal requires at least twice 
the band width of the aces side-band 


signal. 


Other Advantages of the Single- 
Side-Band System 


Reduction in channel width and gains 
in signal-to-noise ratio in the presence of 
random noise are by no means the only 
advantages offered by the single-side- 
band system in power-line carrier work. 
A severe type of interference occasionally 
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phase of an amplitude-modulated or a 


> frequency-modulated carrier are modu- 
lated in a complex manner by the pres- 


ence of space charge due to corona. This 
space charge varies the effective shunt 
conductance of the line, periodically 
changing its attenuation and phase-shift 


wts0° ; wt=60° Wt=120° 
constants. It has been found that in- 
~creasing the power of the carrier fails to 
alleviate this condition, because the rela- 
tive amount of modulation apparently 
stays the same, maintaining the same 
signal-to-noise ratio. The single-side- 
band system offers an ideal solution of 


_ this problem, because the carrier is sup- 


plied at the receiving end of the channel 
and therefore is not subjected to this 
type of modulation. 

One of the most important features of 
the single-side-band system is that the 
absence of the carrier signal permits many 
applications that are impossible with the 
amplitude-modulation and frequency- 
modulation systems, 
tinuous carrier is transmitted. Elimina- 
tion of the carrier permits a single re- 
ceiver to receive signals from several 


” different transmitting points simultane- 


ously. For example, different telemeter- 
ing tones can be used to modulate single- 


side-band transmitters at each of several 


‘locations, all on the same nominal carrier 
frequency. These transmitters can all be 
received simultaneously on a single re- 
ceiver, because there is no beat-note inter- 
ference and elimination of weak signals 
by strong ones as is the case with the 
amplitude-modulation or  frequency- 
modulation systems. 

Elimination of the carrier wave also 
permits repetition of carrier frequencies 
for separate-tone telemetering and load- 
control channels, even though these chan- 
nels may be physically near each other on 
the power system. All that is required is 
that the strength of the desired signal be 
comparable to that of the undesired sig- 
nal at the receiving point.- It is not even 
necessary that the desired signal be as 
strong as the undesired one. Separate- 
tone frequencies must be used for each 
function, of course, but the nominal car- 
riet frequencies can be the same. 

An: outstanding feature of the single- 
side-band system results from its simi- 
larity to the amplitude-modulation sys- 
tem. Basic amplitude-modulation trans- 
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encountered on power systems is the type pores and receiver ‘units, with 
known as corona modulation,4 a phe-— 
nomenon in which the amplitude and 


Wt=180° Wt=240° Wt=300° 


in which a con- 


“a 
Li wets 


type of rack-and-panel construction, * Scan 


be designed so that they can be ouverte , 
‘in the field to single-side-band operation 
by the addition of single-side-band panel 


units. This makes it possible for utilities 
which do not at present have spectrum- 
crowding or interference problems’ to 
install suitably designed basic amplitude- 
modulation equipment for their present 


Figure 7. Addition of carrier 

and first side-band pair in a 

frequency-modulation system 

at successive intervals during an 
audio cycle 


purposes, with the assurance that should 
such problems arise later they can be 
coped with by conversion of the ampli- 


tude-modulation equipment to the single- 


side-band system. 


Conclusions 


It is possible with the frequency- 
modulation system to obtain large gains 
over the amplitude-modulation system 
in signal-to-noise ratio. However, these 
gains are proportional to the deviation 
ratio employed and can be obtained only 
at the expense of channel width in the 
carrier-frequency spectrum. In the pres- 
ence of random noise, 
modulation system of unity deviation 
ratio provides a gain of 4.8 decibels in 
signal-to-noise ratio over an amplitude- 
modulation system of the same carrier 
power but requires a channel width at 
least 50 per cent greater for reasonably 
distortion-free audio reproduction. 

The single-side-band system is a more 
sound approach to the two main prob- 
lems that confront utility engineers in 
applying power-line carrier equipment. 
In this sytem gains in signal-to-noise ratio 
are obtained by using the entire trans- 
mitted power for intelligence-bearing sig- 
nals and concentrating this power in a 
narrow frequency band. With half the 
transmitted band width, the single-side- 
band system provides a gain in signal-to- 
noise ratio of nine decibels over the 
amplitude-modulation system, with a 
power. equal to the peak power of the 
amplitude-modulated signal. The ab- 
sence of a continuous carrier in the single- 
side-band system makes possible the 
repetition of carrier frequencies for some 
applications and further increases the 
gains in channel space it provides. The 
similarity of the single-side-band system 
to the amplitude-modulation system 
makes it possible to convert to the single- 
side-band system present and future in- 
stallations of amplitude-modulation equip- 
ment of suitable design. 
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sive. points on an audio cycle. The vector 


_g=arc tan 


a frequency-. 


In a: pear agate eS the 
resultant of the first pair of side-band 
ponents is always in quadrature with 
carrier component. The magnitude of 
resultant varies at the modulating 
quency between the limits of plus and mi 
twice the amplitude of the individual side- 
band components. These relations are 
shown in Figure 7 in vector form for suc 


obtained by adding the carrier ‘vector to the 
resultant of the side-band vectors has with — 
respect to the carrier vector a phase position 
¢ which can be expressed for any instant of 
time as 


2b cos wt iat 
t 
where 6 is the amplitude of each side-band — 
component, w is 2 times the modulating 
frequency, and a is the amplitude of the - 
carrier component. If the amplitude varia- 
tions of the resultant are removed by 


‘ limiters, the discriminator of a frequency-— 


modulation receiver responds only to the 
rate of change of phase of the resultant 
signal, that is, to : 


dp —(2bw/a)-sin wt- 


radians per second 
dt 1+(46?/a?) cos? wt 


(9) 


Dividing equation 9 by 27, we get the 
equivalent instantaneous frequency devia-~ 
tion, 

—(2bf/a) sin wt 


h=——_——— evel 
: 1+ (4b?/a?) cos? wt ons 


(10) 
in which f is the modulating frequency in 
cycles. The curves of Figure 4 were ob- 
tained by substituting the proper values for . 
a and b} from a table of Bessel functions, 
assuming a frequency-modulation system 
with unity deviation ratio and three kilo- 
cycles maximum audio modulating fre- 
quency. 
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a ae PURPOSE of this paper is to ex- 
plain the action of a particular type 
4 of Amplidyne generator in terms of its 
relationship to the turret performance 
and to attempt to separate its character- 
~ istics from those of the turret. 
Development of this Amplidyne gen- 
4 erator and the outbreak of the war were 
‘concurrent, and, due to incomplete knowl- 
edge of the requirements of this type of 
‘generator, it was expedient to define the 
characteristics of the turret control sys- 
_ tem asa whole. This caused difficulties 
_ in applying the Amplidyne to other sys- 
‘tems. The characteristics of the Ampli- 
_ dyne can be defined independently of the 
system. Some effects of the variations 
in the Amplidyne characteristics and 
‘changes in circuit constants on the over- 
all performance of the turret will be 
shown. 


Function of the Turret Power Drive 


Most turrets using these Amplidynes 
are powered in both elevation and azi- 
__muth, by means of two separate control 
_ systems each consisting of a turret mo- 
‘tor, an Amplidyne, and a control circuit. 
_ The Amplidyne is part of a motor- 
generator set driven from the electric 
" system of the airplane and makes avail- 
able readily controlled power to operate 
the turret motor. By varying the ad- 
justment of certain potentiometers con- 
nected in the control-field circuit of the 
Amplidyne, its output, and hence the 
performance of the turret, may be con- 
trolled by the operator. 
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The control circuit is used to combine 
properly the characteristics of the Am- 
plidyne with those of the turret motor to 
produce the désired over-all performance 
of the system. 

An important characteristic of the 
power drive is that of constant speed for 
a given potentiometer setting, independ- 
ent of the gun position with respect to 
the wind. Another very important re- 
quirement of the power-drive system is 
that it be capable of driving the turret 
smoothly at very low speed. In direct 
contrast-to this characteristic is the neces- 
sity for the turret power system to be 
capable of turning the turret rapidly from 
one target to another. 


Description of the Amplidyne 


The Amplidyne under consideration. 


constitutes the generator end of a two- 
bearing motor-generator set. The 27- 
volt d-c driving motor is on the same shaft 
as the Amplidyne generator and drives it 
at about 8,300 rpm. The driving motor 
is an eight-pole compound-wound motor 


with one series turn to obtain quick start- 


ing and decrease the inrush current. This 
enables the unit to start and attain 85 per 
cent of its rated no-load speed in less than 
one second. The generator is rated at 


Paper 45-81, recommended by the AIEE committee 
on air transportation for presentation at the AIEE 
winter technical meeting, New York, N. Y., Janu- 
ary 22-26, 1945. Manuscript submitted November 
17, 1944; made available for printing January 2, 
1945. 
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Figure 1. A typical 
aircraft Amplidyne 
for turret control 
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60-volts 8.8-amperes output for ten min- 


acting in the load axis. 


utes on and 20 minutes off. Figure 1 
shows a complete Amplidyne set; Figure — 
2 is a sectionalized view showing the it in- 
ternal construction. 


The generator has a two- pole stator va 


with a control-field winding, F (see Figure 
3), and compensating-field winding, H, 
Two rheostats 
are shunted across the compensating field 
for adjustment. An additional control — 
field, G, acting in the same axis is pro- 
vided for antihunt purposes. There is 
also a winding in the quadrature axis. 
The generator has four brushes mounted 
on an adjustable mechanism and spaced — 
90 degrees apart. Two diametrically 
opposite brushes, C, are connected in 
series with the corhpensating winding and ~ 
the output terminals of an A N-connector 
to constitute the load axis. The other 
two brushes, D, are short-circuited to 
complete the quadrature circuit. The 
operation is, briefly, as follows. Full-field 
excitation of the order of 0.1 watt in the 
control-field winding causes a small flux 
in the load axis which generates an _ 
electromotive force of about ten volts 
acting in the quadrature axis. This volt- 
age then causes current to flow through . 
the quadrature brushes, which in turn 
sets up a quadrature magnetic field. This 
field then causes an electromotive force of 
approximately 90 volts to be generated 
across the load brushes. As soon as a 
load current is allowed to flow, the com- 
pensating winding more than compen- 


< 


Figure 2. Cut-away views showing the inter- 
nal construction of the Amplidyne 


The upper illustration is the generator end and 
the lower is the motor end 
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27 VOLTS 


A typical elementary circuit dia- 
gram with fixed feedback 


_A —Antihunt resistor 
B —The Amplidyne rotor » 
C —Anplidyne load brushes 
D —Amplidyne quadrature brushes 
E —Short-circuited quadrature winding 
F —Control field 
_G—Antihunt field 
~~ H —Compensating winding 
K —Compensating adjusting rheostats 
M—Turret-motor armature 
- N—Turret-motor shunt field 
P —Vibrator inverter transformer 
R —Fixed-feedback resistors 
S —Capacitor for antihunt 
T —Normally open contactors operated simul- 
taneously 
W—Control potentiometer 


Figure 3. 


sates for its armature-reaction effect. 
The amount of overcompensation, meas- 
ured in volts per ampere output, is read- 
ily adjustable by means of the two rheo- 
stats, K, connected in series across the 
compensating winding, H, as shown in 
Figure 3. The curves in Figure 5 show 
‘the effectiveness of the rheostats. The 
difference between the two curves is the 
effect obtained by changing the compen- 
sating winding on one pole by approxi- 
mately 3.0 per. cent. 


Detailed Operation of the Amplidyne 


The Amplidyne-generator control field 
is excited by means of a control potenti- 
ometer. A resistor used as a voltage 
divider, R, is connected across the Am- 
plidyne output and provides a negative 
feed-back voltage in the control-field cir- 
cuit. Figure 3 shows’a typical circuit 
arrangement. The amount of feedback 
is adjustable by a contactor, T as in Fig- 
ure 3, or in some cases by a potentiometer 
as in Figure 4. When a contactor is 
used, two ranges of turret operation are 
obtained, a low or normal range for 
tracking and a high-speed range for slu- 
ing. The circuit in Figure 4 gives a 
gradual transition from the low-speed 
range to the high-speed range. 

The amplification thus obtained is ex- 
tremely great for d-c generators with very 
low time constants, and therefore special 
consideration has been given to main- 
taining a stable system. The following 
three methods are used to help prevent 
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Figure 4. A typical elementary circuit dia- 
gram with variable feedback 


A —Antihunt resistor 

B —The Amplidyne rotor — 

C —Anmplidyne load brushes 

D —Anmplidyne quadrature brushes 

E —Short-circuited quadrature winding 

F —Control field : 

G —Antihunt field 

H —Compensating winding 

K —Compensation-adjusting rheostats 

M—tTurret-motor armature 

N—Turret-motor shunt field 

P —Variable-feedback potentiometer 

R—Control potentiometer coupled to varia- 
ble-feedback potentiometer 

S—Antihunt capacitor 


instability in the system: First, there is a 
short-circuited quadrature winding (EF in 


Figure 3) to decrease irregularities in the 


output voltage caused by commutation 
irregularities of the quadrature brushes. 
Without the short-circuited winding to 
dissipate the energy thus generated, the 
irregularities may be amplified by the 
quadrature flux and be apparent as un- 
steady output voltage. Second, there is a 
capacitor and resistor in series with an 
antihunt field intended primarily to pre- 
vent the turret motor from overshooting 
the desired speed. When the excitation 
of the Amplidyne is changed, the Ampli- 
dyne will attempt to establish very 
quickly the new output desired. Since 
it has a turret-motor load which furnishes 
a back electromotive force, the output 
current of the Amplidyne often is reversed 
completely when the control handles are 
moved so as to decrease the speed of the 
turret. The antihunt circuit admits a 
current through the antihunt windings 
in proportion to the rate of change of 
voltage across the turret-motor armature. 
Therefore, when the turret motor is 
changing speed rapidly, the antihunt 
field is furnishing the Amplidyne an 
excitation to oppose this change. Third, 
there is the feed-back voltage connected 
in series with the control potentiometers. 
The action of the voltage from this feed- 
back approaches that of a voltage regula- 
tor. If the control field were connected 
completely across the Amplidyne output 
voltage, instead of just over a portion of 
the output voltage, the system would 
approach a voltage-regulator system. 
Therefore, the output voltage would be 
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15 30° »=45 

RESISTANCE AGROSS - 
COMPENSATING WINDING 

Figure 5. Curves showing generated electro- 

motive force per ampere of load current versus 

_ resistance across compensating winding 


The two curves differ by three per cent of 
compensating-winding turns 


ee 


nearly independent of the output current, i 
if the control fields were connected com-_ 
pletely across the Amplidyne output. 
The magnitude of the effect of the feed- 
back is shown in Figure 6. Curve A is” 
the characteristic obtained with no feed-— 
back, whereas curve B is with 6.0 per cent - 
feedback. Per cent feedback is the per 
cent of the resistance across the Ampli-— 
dyne output that is in series with the 
control field. : 
A rising characteristic with increase 
in load is needed to obtain constant tur-— 
ret-motor speed. This is obtained by 


VOLTS OUTPUT 


AMPERES OUTPUT 


Figure 6. Wolt-ampere characteristic curve 
with and without feedback 
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90 135 180 225 270 315 360 
TURRET POSITION — DEGREES : 
Figure 7. Armature current versus turret 
position measured from forward position 


the compensating winding which, as men- 
- tioned above, more than compensates for 


in the Amplidyne. 

_ Figure 7 shows an idealized curve of 
__ turret-motor armature current versus 
_ the angular position of the turret. It is 
apparent from inspection of the curve 
that it is a sine curve plus a constant. 
_ The constant is the turret friction meas- 
‘ured in armature amperes of the turret 
_ motor. 


is the torque exerted on the gun turre 

due to the wind load. : 
__ The typical turret motor is a separately 
excited shunt-wound machine the speed- 
torque characteristic of which is shown in 
Figure 8. Figure 9 shows the character- 
istic of speed versus input ampere to an 
enlarged scale starting at 200 rpm no 
load. For easy operation of the turret it 
is desirable that the speed regulation of 
the turret motor be less than 30 per cent 
from no load to full load for all speeds 
~ down to aslowas200rpm. This demon- 
strates the need for the rising character- 
: istic of the Amplidyne shown in Figure 6 
_ previously discussed. By combining in 
the right proportions the rising char- 
acteristic of the Amplidyne with the fall- 
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Figure 8. Curves of turret-motor speed versus 
output torque with constant voltages at 10-volt 
intervals from 10 to 60 volts 
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_ the armature reaction and the JR drop. 


The magnitude of the sine curve — 
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with a switch to change from normal 
tracking-speed range to sluing-speed op- 
eration by changing the feed-back ratio, 
Figure 11 shows the results obtained in a 
circuit using the variable feedback as 
shown in Figure 4. In the system with 
variable feedback, if the compensation 
be adjusted correctly with the controls 
set to run the motor at 600 rpm, this ad- 
justment will be incorrect when running 
the motor at 200 rpm, and the motor will 
stall before full load is reached. If ad- 
justed for flat regulation similar to Figure 
10 at 200 rpm, the compensation will be 
too great at 600 rpm and above, and the 
turret motor will speed up under load. 
This is true of a particular combination 
of circuit, turret motor, and Amplidyne. 
If a fixed resistance be added in series 
with the center tap on the feed-back 


‘potentiometer (P in Figure 4), very 


nearly flat compensation can be obtained 
over the entire speed range. 


The system is very critical with respect . 


to resistance added in series with the 
turret-motor armature and Amplidyne. 
Figure 12 shows the result of test taken 
where per cent of regulation was plotted 
versus series resistance added in the con- 
trol circuit as R, in Figure 3 between the 
Amplidyne and the turret motor. Very 
nearly the same effect is obtained by 
changing the armature resistance of the 
turret motor. The armature resistance 
of the turret motors which have been 
used by various manufacturers of turrets 
has varied over the range from 0.29 ohm 
to 0.90 ohm. These Amplidynes were 
not successful in being adjustable over 
this wide range and still able to meet 


' other performance requirements of the 


turret. This range in resistance of turret 
motors has been decreased to approxi- 
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Figure 9. A typical turret-motor-speed- 
versus-input-ampere curve at approximately 
five per cent of rated no-load speed 
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ing characteristic of the turret motor, the 
_ results shown in Figure 10 are obtained. 
These results are obtained in a circuit 


mately 0.29 ohm to 0.60 ohm, All tests 


and users reports indicate that the Ampli- 


dynes are capable of being adjusted with 


the rheostats on the Amplidynes over a ~_ 
range wide enough to compensate for this 


much resistance change in the turret 
motors. aia 

In Figure 10, it is noticed that the 
speed versus ampere input to the turret — 
motor, when used in the turfet control - 
circuit, is not a line but a closed loop. — 
The curve was taken as follows: The tur- 
ret motor was set at full-load current — 
input, then this load was gradually de-— 
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creased to the no-load current value. 
The speed was noted, and then the load 


was increased gradually while recording — 
values of speed until full load again was — 
obtained. Then the load was decreased 


slowly, recording speed values until the — 


no-load speed again was obtained. The 
hysteresis lag in the stator iron of the 


Amplidyne causes the two curves not to P< 


coincide. The drop in speed as the load © 
increases is caused by the lag between _ 
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the magnetizing effect of the load current - — 


in the compensating winding, and the 
flux in the iron. As the magnetizing cur- 
rent in the compensating winding be- 
comes greater, the percentage flux lag 
becomes much less, and therefore the 
curve begins to flatten out. In decreasing 
the load, the flux does not decrease imme- 
diately with the decrease in magnetizing 
current in the compensating winding, 
thus giving the rising characteristic on 
decreasing load. If a true one-half hys- 
teresis curve were taken by this method, 
an open curve with two different speeds 
at the no-load end of the curve would 
result. Since, however, the curve was 
started at full load and carried through 
to no load, the turret motor had to return 
to the same no-load speed it started from 
the first time. Therefore the closed curve 
shown is obtained. 

This objectionable change in speed can 
be eliminated by. preventing the occur- 
rence of residual voltage in the Amplidyne 
generator, A source of 60-cycle alternat- 
ing voltage connected in series with the 
control field will decrease materially this 
speed change, as is apparent in Figure 13. 
This has been accomplished in some in- 
stances by a vibrator-type inverter trans- 
former and is illustrated by P in Figure 3. 

Asan interesting sideline, it is apparent 


TURRET-MOTOR SPEED RPM 
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Figure 10. Turret-motor speed versus turret- 
motor armature current in a typical turret not 
using a vibrator inverter 
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Figure 13. Turret-motor speed versus turret- 
motor armature current for the same turret 
circuit as in Figure 10, except that a vibrator 
inverter has been added and the Amplidyne 
compensation readjusted 


tems where control does not compl 
saturate the faa Taya 


Present Specifications. for the 
Amplidyne ‘wes 


the no-load speed versus potentiometer 
position, and the dashed lines are the full- 
load speed versus potentiometer position. 
These curves illustrate that the speed 
regulation of the system is practically 
zero throughout the entire rheostat travel 
in the low-speed range and is practically 
flat up to about 40 per cent of maximum 
speed in the high-speed range. With the 
variable feedback there are two places at 
which the compensation is correct. The 


The present specifications for Amplig 
dynes are in terms of the performance of 
a complete turret control system. Most 
of the test limits that are used to adjust — 


the Amplidyne are based on the speed of — 


the turret motor at various loads and con- 
trol potentiometer settings. A particular — 
set of limits follows for a 530-watt Ampli- i 
’ dyne and 3,000-rpm motor for use in the 


circuit shown in Figure 3. 


TURRET MOTOR AMPERES 


Figure 11. Turret-motor speed versus turret- 
_ motor armature current for the circuit shown in 
Figure 4 


1 
s 


that tests taken with the inverter used 
with the Amplidyne can show the compen- 
sation characteristics more nearly than 
tests with the inverter left out. Some- 
of these Amplidynes have an undeserved 
reputation for being inconsistent in test. 
If the unit be warmed up thoroughly and 
the inverter used, very consistent test 
results can be obtained. Without the 
alternating current it is very difficult to 
repeat compensation readings, as is evi- 
dent ftom inspection of the characteristics 
without it. 

The curves of Figure 14 are presented 
to show the wide range of performance 
that may be obtained with different con- 
trol-circuit arrangements. The two cir- 
cuits given in Figures 3 and 4 were used 
to obtain these curves. The solid lines are 


PER CENT REGULATION 


RESISTANCE ADDED 


Figure 12. Speed regulation versus resistance 
added in series with the turret-motor armature 


A—15 ohms feed-back resistance 
B—75 ohms feed-back resistance 
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first place is at the low speed at which 
the compensation is adjusted. The sec- 
ond place is at a higher speed where the 
Amplidyne has begun to saturate. The 
overcompensating effect is decreased 
as a result of this saturation until the 
drooping characteristic of the turret 


motor equals the overcompensation of | 
. the Amplidyne. 


Some turret specifications require that 
the turret have a maximum speed less 
than a certain value to prevent failure of 
some mechanical part, whereas other 
turret specifications require that the 
maximum turret speed be over a certain 
value in order to meet speed require- 
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Figure 14. Turret-motor speed versus the 
control-potentiometer travel 


No-load speed 
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To prevent instability in the system ’ 
due to the brushes of the Amplidyne being — 
shifted too far against rotation, a limit of 
six volts is imposed as the maximum re- 
sidual output voltage allowed with zero 
control-field excitation. 

The irregularities of the Amplidyne 
voltage output at one quarter of its rated © 
output voltage and with noload are limited 
to three volts. Most Amplidynes would 
meet a limit of one volt and in many cases 
(approximately 30 per cent of the Ampli- 
dynes manufactured) show no variation in 
output voltage at all. 


Revised Limits and Their Purpose 


There are two important reasons why 
it would be more desirable to define the 
characteristics of an Amplidyne in terms 
of itself alone instead of in terms of the 
performance of a turret system. 

The first is from the application stand- 
point. When all the engineering data are 
given in terms of operation of a certain 
type of system, the application engineers 
and the users receive the impression that 
the Amplidyne must be used in a circuit of 
only one type and has no other applica- 
tion. Also the Amplidyne has been mis- 
applied in several instances, and limits 
have been placed on the operation of a 
turret which are correlated in no way with 
the actual performance of the Amplidyne 
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? , unit, the Siewable variations on Loe 
values listed, the application engineer can 


wishes and know what to expect the sys- 
tem to do. 


shooting. When a turret manufacturer 
or an ultimate user experiences some 


difficult to determine whether or not the 
Amplidyne is at fault. If the character- 
istics of the Amplidyne wete defined in 
terms of the Amplidyne alone, the ma- 


4 


_ chine could be set up on a test bench and 


ws 


A 


- ina turret which might affect its over-all 
4 characteristics and which could be at- 
z tributed incorrectly to the Amplidyne, be- 
cause the performance of the eaphidy ne 
e alone was not known. 
Each value in a specification should 
_ have a definite purpose so far as the ma- 
_.chine being described is concerned with- 
out reference to the system operation as 
_ a whole. The specification should de- 
_ scribe how the Amplidyne should be ad- 
_ justed and should limit the adjustments 
_ directly in terms of the Amplidyne char- 
acteristics. The following gives in brief 
_ form the type of specification needed to 


adjust an eee udy ae properly: 


1. No- ioe saturation-curve slope shGald 
be specified to limit the position of the 
brushes. Shifting the brushes against rota- 
tion of the Amplidyne increases the voltage 
output for a given excitation. 


2. The compensation should be adjusted 
to a curve similar to the zero feed-back 
- curve of Figure 6 by adjusting the rheostats 
and the taps on the compensating winding 
to obtain zero-per-cent voltage regulation 
_with a given increase in field current oppos- 
ing the output current. ° 


3. The residual voltage should be specified 
for those applications where a vibrator in- 
verter is not used. 


4. Commutator-film-breakdown excitation 

should be limited to minimize the dead spot 

in response to the control signal. It takesa 

finite value of excitation to break down the 

brush film on the commutator in the quad- 

rature circuit before output voltage is ob- 
- tained. 


5. Maximum output voltage should be 
specified to maintain all machines alike. 


6. Maximum output watts with a given 
load resistance should be checked to be sure 
the unit will withstand the peak loads. 


Typical Specification 


The following sample specifications 
are numbered in correspondence with the 
foregoing paragraphs. 


1. One-half voltage (30 volts) no load 


must be obtained with an excitation of 0.020 
ampere to 0.040 ampere in the control field. 


2. The voltage regulation shall be 2.0 
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apply the Amplidyne to any circuit he 
_ The second i is for domiplannt and trouble: 


difficulty meeting his specifications, it is — 


tested. There are many possible defects 


“Nine Years’ Pepetcnce With Ultrahigh~” 
Speed Reclosing of High -Voltage 


Transmission Lines 


. PHILIP SPORN 
FELLOW AIEE 


Synopsis: Data covering nine years’ oper- 
ating experience with 91 ultrahigh-speed- 
reclosing breaker installations mainly on a 
large interconnected and integrated high- 
voltage system are presented and analyzed: 
out of 635 cases of flashover cited, 570 re- 
closures were successful and 65 cases of re- 
closure were unsuccessful, a record of 89.8- 
per-cent successful reclosure. Double-cir- 
cuit lines show a record of unsuccessful re- 
closure double the average but 80 per cent 
of the apparently unsuccessful reclosures 
resulted in successful reclosure of one cir- 
cuit. The conclusions drawn are that ultra- 
rapid reclosure has proved itself a tool of 
major importance for use in improving high- 
voltage line reliability; that its use can, 
and should be, extended to lower-voltage 
lines, and that further improvements are in 
sight as a result of recent improvements in 
circuit-breaker opening and reclosure time. 


INCE the last publication! of operat- 

ing experience with ultrahigh-speed 
reclosing of high-voltage transmission 
lines, four more years of operating experi- 
ence have been gathered on lines of the 
American Gas and Electric Company sys- 
tems. This experience is of so much more 
extensive a nature than that ayailable 
previously that it now makes possible not 
only more thorough checking of ideas and 
conclusions previously entertained but not 
entirely proved, but, in fact, it appears 
that sufficient data now have been made 
available to serve as a basis for definite 
and final conclusions as to a number of 
important aspects of ultrarapid reclosure 
and the benefits inherent therein. It is 
the object of this paper to present and 
analyze these data and to draw these con- 
clusions. 


Systems on Which Installed 


The principal system on which the 
equipments under discussion are installed 
is the central system of the American 
Gas and Electric Company. This is 


volts rise per ampere output starting at 
4.0 volts no load. 


3. The residual voltage shall be less than 
six volts with zero field after saturation of 
the field. 


4, Increasing excitation from 0 to 0.006 
ampere shall produce a change in no-load 


Sporn, Muller—Ultrahigh-Speed Reclosing 


C. A. MULLER © 
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shown diagrammatically in Figure 1 in its ; 
most up-to-date form. This integrated | 
system operates in seven states and con- 
sists of 45 circuit miles of 154-kv, 2,818 
circuit miles of 132-kv, 64 circuit miles of 
110-kv, 304 circuit miles of 88-kv, and 695 
circuit miles of 66-kv high-voltage circuits. 
Most of the 132-kv circuits are of double- 
circuit steel-tower construction. It is to 
be noted that neither the 88-kv nor the 
66-kv lines are indicated in Figure 1. 
However, there are only three terminals 
installed on the 88-kv circuits and only 
six terminals on the 66-kv circuits; as 
against that there are installed 72 ter- 
minals on the 154- and 132-kv circuits. ~ 
The load which the central system 
serves has had a maximum one-hour inte- 
grated peak of over 1,450,000 kw. As 


- pointed out previously, the system is a 


predominantly steam-electric system with 
a small portion of hydroelectric generat- 
ing capacity. Extensive and important 
foreign interconnections exist on several 
portions of the system through which 
diversity and other capacity exchanges 
are carried out with adjacent systems. 
Because of the fact that practically all the 
energy served on the system travels over 
considerable transmission distance before 
reaching the load and because of sudden 
changes in power flow, it has been found 
particularly important to maintain maxi- 
mum continuity in the operation of trans- 
mission networks. Obviously this in turn 
results not only in the rendering of the ut- 
most in high continuity of service, but 
also makes possible the operation of the 
system in a most co-ordinated manner 


Paper 45-57, recommended by the AIEE com- 
mittee on protective devices for presentation at the 
AIEE winter technical meeting, New York, N. Y., 
January 22-26, 1945. Manuscript submitted 
December 6, 1944; made available for printing 
December 27, 1944. 


Puriie Sporn is vice-president and chief engineer 
and C. A. MULLER is protection engineer, both of 
the American Gas and Electric Service Corpora- 
tion, New York, N. Y. 


output volts from 5 to 12 volts starting 
from a negative residual voltage. 


5. The no-load output voltage of the unit 
with 0.250-ampere excitation shall be 85 to 
95 volts. 

6. The unit shall be capable of operating 


for five seconds with a load of 925 watts at 
15.4 amperes output. 
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and the utilization at all times of the most 


_ efficient combination of generating sources 
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closures. 


regardless of their location. 
In addition to equipments on the cen- 


tral system, four terminals have been in _ 
operation on 66-kv lines of the Atlantic 
City Electric Company and six terminals 


on 66-kv lines of The Scranton Electric 
Company, bringing the total of terminals 


in service of the latest date to 91. 


Operating Experience 


A summary of the total operating ex- 
perience since the first installation is given 
in Table I. Referring to that table, it will 
be seen that a total of 91 terminals involv- 
ing 43 line sections have been covered and 
that these 43 line sections cover approxi- 
mately 1,634 circuit miles of line, 1,360 
miles of which operate at 132,000 volts. 
In the period May 1936 to November 
1944, covering substantially nine lightning 
years, 635 cases of flashover resulting in 
line opening occurred. Of these, 531 
cases were single-line trouble and 104 
cases were two-line trouble. Out of the 
same number of 635 cases of flashover, 570 
reclosures were successful and 65 cases of 


reclosures were unsuccessful. This is a _ 


record of 10.2-per-cent unsuccessful re- 
In this connection it needs to be 
pointed out that in eight of these cases a 
permanent fault existed on the line and 
that under such conditions obviously suc- 
cessful reclosure was a physical impossi- 
bility, since nothing but a permanent 
outage could clear the trouble. These 
permanent faults were caused by either 
lines being on the ground, physical dam- 
age to steel tower, failure of a lightning 
arrester, or a string of insulators pulling 
loose because of ice loading. If one 
chooses to disregard these eight cases, the 
total unsuccessful reclosures were 57, rep- 
resenting 9.0 per cent. , It is interesting 
to note that for the 104 cases of two-line 
trouble, 21 unsuccessful reclosures were 
experienced, giving an unsuccessful per- 
centage of 20.2 per cent for simultaneous 
trouble on two lines. The method of 
scoring employed for recording unsuccess- 
ful reclosures for two-line trouble was this: 
in cases where only one line of the two 


' reclosed successfully, the, operation was 


credited with one-half unsuccessful re- 
closure, and in cases where neither line re- 
closed successfully, the operation was 
credited with a full unsuccessful reclosure. 
Since in 80 per cent of the cases of re- 
closures on two-line trouble which were 
not fully successful one of the two lines 
reclosed successfully, it is evident that the 
scoring method adopted reflects, if any- 
thing, a pessimistic version of the effect 
of reclosure. From Table I it will be seen 
that number one and number two Roa- 
noke—Reusens lines experienced 48 cases of 
two-line trouble of which 131/, were un- 
successful reclosures during the period 
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ron) vex 1940 to November 1944. 
unsuccessful reclosures consisted of 19 — 


fully. 


% 


cases where only one line of the two failed 
to reclose successfully and four cases 
where both lines failed to reclose success- 


enced on these lines for two-line trouble 
was made and it was found that appar- 


ently cascading of breaker-tripping opera-_ 


tions was occurring on these lines which 
resulted in unsuccessful reclosing opera- 
tion. At the Reusens end of these lines 
no source of ground current is available, 
since the transformer banks are connected 
delta on the 132,000-volt side and, further, 
the amount of phase-to-phase short-circuit 
current available from the Reusens gen- 
eration is very limited. In some cases of 
two-line trouble on these lines, both 
breakers at Roanoke station and only one 


breaker at.Reusens would trip simultane- _ 


ously on the initial fault and the second 
breaker at Reusens would trip some eight 
cycles later after the breakers at Roanoke 


had opened; this resulted in a dead time ~ 


of only three to four cycles on one of the 
lines thus causing a restrike on this line. 
In some cases both breakers at Roanoke 
only would open on the initial fault, the 
Reusens breakers staying in, and would 
retrip on reclosure due to the arc being 
maintained by the small amount of gen- 
erating capacity at Reusens. These opera- 
tions account for the high number of un- 
successful reclosures on these lines for 
two-line trouble and further account for 
the high percentage of unsuccessful re- 
closures on the total number of two-line 
trouble operations. The locus for solution 
of the Roanoke—Reusens line difficulties is 
obviously beyond the zone of switching 
and relaying. 

The seven unsuccessful reclosing opera- 
tions for the Saltville-North Bristol and 
North Bristol-Kingsport lines partially 
can be accounted for as a result of the 
systems having drifted so far out of syn- 
chronism at the instant of reclosure as to 
cause the breakers to retrip when low 
hydroelectric generating capacity is in 
operation at Waterville. In all seven of 
these cases all three-phase relays operated 
at both stations, indicating an apparent 
three-phase fault; this, however, appears 
most unlikely on a single-circuit line. 
The more probable reason for the three- 
phase relays operating is the interchange 
of current flow between the two systems 
at the instant of reclosure on account of 
the two systems being sufficiently out of 
synchronism. 

Perhaps the most interesting record to 
note is that of number one and number 
two Philo-Howard lines which experi- 
enced 27 cases of single-line faults and 
four cases of two-line trouble during the 
period from May 1940 to November 1944. 
Here, successful reclosures were obtained 
in all cases giving the two lines a perfect 
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An investigation of the large per- _ 
centage of unsuccessful reclosures experi-. 


‘Conclusions 


high- -speed-reclosing bre kers wa 
perfect solution to the serious difficult 
brought about by simultaneous trouble on 
both circuits. 


The data obtained in the course of nine 
years’ experience with ultrarapid reclosure 
of high-voltage circuits and here presented - 
and analyzed are complete enough to war- 
rant the following definite conclusions: 


1. On high-voltage lines, properly insu- | 
lated and provided with ground-wire pto- i 
tection, 90-per-cent successful reclosure has” | 
been and can be obtained by the use of ultra~— 
rapid reclosing as now developed. — 


2. While the experience obtained with z 
double-circuit. lines indicates a record “of” | 
apparently unsuccessful reclosure approxi-— 
mately double that of the average, the | 
significant fact is that in these cases 80 per 
cent of the apparently unsuccessful reclosure 
resulted in successful reclosure of one of the 
two circuits. 


3. Ultrarapid reclosure has proved itself a 
tool of major importance in planning and 
building any overhead high-voltage trans- 
mission system or transmission circuit. It 
is without question the most economical and 
teliable means of improving high-voltage- 
transmission reliability. 


4. The confirmed and highly successful 
result obtained on high- and medium-high- 
voltage lines again points clearly to benefits 
obtainable from application to lower-_ 
voltage lines. The only barrier to the ex- 
tension of such application is economic: 
simpler and lower cost reclosing mecha- 
nisms and, if possible, relaying are needed. _ 


5. There is excellent reason to believe that 
single-circuit, and particularly double-cir- 
cuit, reclosure performance can be improved 
by decreasing time of fault duration and 
thus speeding up the reclosure cycle. The 
recent successful development of three- 
cycle breakers,? making possible 12-cycle 
reclosure,*»4 will open the way for explor- 
ing this. 
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ei Early investigation of the air- 
blast principle of arc interruption clearly 
_ indicated that this principle was based on 
- sound fundamentals and that continued - 
_ research and development would lead to an 
_ economical and practical design. Prelimi- 
mary studies indicated that the axial-flow 


<q 


FN i. S 
_ interrupter was admirably suited to the 


high-voltage breakers with their lower 
‘current ratings, while the high current of 
- the low-voltage equipments could be han- . 
‘dled best by an interrupter comprising a 
cross-blast principle. Outdoor axial-blast 
_ breakers having interrupting ratings as 
4 high as 1,500 megavolt-amperes for service 
- up to 138 kv have been in service for the 
_ past few years. Circuit-breaker designers 
» and operating engineers have expended many 
years of diligent effort in the development of 
high-voltage oil circuit breakers to their pres- 
ent high degree of dependability and per- 
formance. Although the development of 
high-voltage air-blast breakers is of much 
more recent origin, the rate of progress has 
been relatively so rapid that the air-blast 
breaker described in this paper has ex- 
hibited performance characteristics so out- 
_ standing as to merit careful attention. 


; DISCUSSION of the early field test 
A: a complete high-voltage air-blast 

_ circuit breaker developed in this country 
and tested in the field under actual service 
conditions was presented before the 
AIEE in January 1942.43 Two breakers 
of this design were placed in service at the 
Turner substation of the Appalachian 
Electric Power Company in 1942. There 
are also other installations of outdoor air- 
blast circuit breakers of similar design but 
for lower-voltage service, namely 69 and 
34.5 kv. These initial installations of out- 
door air-blast circuit breakers have veri- 
fied the sound judgment of the early con- 
clusions regarding the advantages of air- 
blast interruption, but at the same time 
have revealed that considerable attention 
must be paid to the mechanical construc- 
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tion and electrical insulation of outdoor 
air-blast breakers. 

Operating experiences with these break- 
ers have been such as to confirm the fol- 
lowing basic desirable qualities character- 
istic of the air-blast principle: 


1. Even at comparatively low pressures, 
air has a high dielectric strength. Figure 1 
shows, graphically, the relative dielectric 
strength of air and oil for rod gaps having 
dimensions closely approximating the con- 
tact rods used on the air-blast breaker de- 
scribed herein. 


2: Air provides an excellent means for 
transmitting mechanical energy in a device 
such as a circuit breaker. When used for 
such purposes, air is the equivalent of an 
infinitely rugged insulator of high dielectric 
strength and having practically negligible 
inertia. 

83. Air-blast action, or air flow from a pres- 
sure chamber, is extremely effective in 
carrying away the products of an arc and 
establishing a space of high dielectric 
strength in order to effect interruption of an 
a-c are. 

4. The interrupting time of the air-blast 
circuit breaker is essentially independent of 
current magnitude within the range of the 
breaker rating. The constant interrupting 
time is explained by the fact that the energy 
required to interrupt the circuit is stored in 
the form of high-pressure air in the breaker 
air receiver and the interrupting time is a 
function of the mechanical time to release 
the energy and to move the breaker contacts 
the required distance. 


The operating experience has fully jus- 
tified the development of a new air-blast 
breaker for 138-kv service rated 3,500 
megavolt-amperes with an interrupting 
time of three cycles and a reclosing time 
of 20 cycles measured from the time of 
energizing trip on the initial short circuit 
to re-establishment of the circuit. 


General Construction of Breaker 


Each pole unit consists of the follow- 
ing essential elements with their auxilia- 
ries arranged as shown schematically in 
Figure 2: 

1. Interrupting unit. 
2. External switch blade. 


INTERRUPTING UNIT 


Early compressed-air breakers used a 
jet of air at one terminus of the arc. aMate 
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air jet was directed around the cylindrical- | 


shaped stationary contact which was 
partially enclosed in a nozzle-shaped 
hood. The air exhausted from the 
nozzle-shaped hood to the atmosphere. 
The other terminus of the arc was drawn © 
along with the moving contact into an 
area which was essentially at atmospheric 
pressure. Since the moving contact was 
in such a comparatively low-pressure re- 
gion, it was natural that there should be a — 
pronounced tendency toward progressive 
electrical breakdown from this point im-. 
mediately after initial interruption. — 

The 138-kv air-blast breakers described 
in references 1 and 3 made use of a con- - 
struction which permitted the moving 
contact to remain in a region of pressure 
approximating 100 pounds. This greatly © 
increased the dielectric strength of the air 
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BREAKDOWN KV CREST 


2 3 4 5 6 
GAP SPACING — INCHES 
Figure 1. Breakdown of 11/4-inch rod gaps 
in air at various pressures and in oil 


surrounding the moving contact and con- 
sequently increased the efficacy. of the 
earlier air-blast interrupters. 

The air-blast interrupters developed 
for the breaker described herein employ a 
design which: 


(a), Permits the moving contact to be 
drawn into the region of maximum pressure 
and thus assures surrounding air of highest 
dielectric strength to withstand potential 
gradient stresses immediately after initial 
interruption. 

(b). The air blast is directed in such a 
manner as to carry the ionized gases gener- 
ated by the arc away from each contact, thus 
further improving the ability of the contacts 
to withstand the high-potential gradient 
stresses immediately after the initial inter- 
ruption. 

(c). Provides excellent voltage distribution 
across the elements of the interrupter during 
and after interruption. 


A cross section of the entire interrupt- 
ing unit is shown in Figure 3A. The in- 
terrupter has two moving contact rods 
which complete the electrical circuit 
through the interrupter by engaging the 
stationary contact which is located at 
the center of the assembly. The contact 
rods normally are held closed under the 
action of the heavy compression springs 
shown at upper and lower ends of the as- 
sembly. 
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The coritact rods are operated ~ 


sack 


¥ by pistons which serve to open the con- 
tacts against the action of the springs 
when air is admitted to the interrupter. 
Each contact moves a distance of eight 
_ inches. Each of the stationary contacts is 
provided with an orifice of slightly smaller 
diameter than the contact rod tips. These 
_ orifices, when uncovered by the opening 
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movement of the contact rods, permit air 
in the interrupter to be exhausted to the 
atmosphere. 

The sequential operation of the inter- 
rupter is as follows: 


(a). High pressure enters the lower end of 
the interrupter through the air-line insula- 
tor and travels upward through the vertical 
passages, filling both the upper and lower 
half of the interrupter. 


(6). The high-pressure air acts on the 
pistons to move the contacts apart uncover- 
ing the exhaust ports in the stationary con- 
tact plates. 


(c). As thecontacts part, an arc is momen- 
tarily drawn between the moving contact 
rod and the stationary contact plate as 
shown in Figure 3B. 
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@. The air flo is incr ce 
leave the throats and, w er the ac 

the air flow carrying the are products 1 
a common point, the two arcs transf 


the stationary contacts and establish ea Ee 


tween the two moving contacts as shown in 
Figure 3C. During the portion of the 
stroke in which the contact tips are in the 
restrictions of the throats, the contacts 
prevent the escape of the maximum amount 


of air at the maximum velocity because of © 


the valve action of the contacts themselves. 
At this time there is a relative low-pressure 
low-velocity region between the movable 
and the stationary contacts. Maximum 
air flow is established when the contacts 
retract past the restriction in the throats. 


(e). Interruption is consistently accom- 
plished at the first current zero occurring 


Figure 2 (left). Sche- 
matic arrangement of 
complete pole unit 


Figure 3(below). Sec- 
tional view of air-blast 
interrupter 
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after the contact rods leave the restriction 
section of the throats at which time the arc 
is acted upon by the full force of the air 
blast. 


The interrupting units are controlled 
by individual blast valves as shown in 
Figure 2. The valves are of simple con- 
struction utilizing pilot control on differ- 
ential pressure for operation of the main 
valve. The pilot valve is attached di- 
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EXTERNAL SwITCH Buape 


The external switch pidew are provided ed 
for a dual purpose: ae 
1. To maintain the open Position of the 
breaker. ] 
2. To establish tie circuit on Ene closing { 


The operation of external switch niaten 
is described best from the following de- 
scription of the sequential operation of a 


breaker. 
OPENING OPERATION ; 

- With the breaker in the closed position 
and with normal air pressure in the air — 
receiver, the trip circuit is set up. The 
three solenoid coils of the blast-control 
valves are energized in series initiating 
the operation of the interrupter units, 
previously described. 

The operation of the external switch 
blades is interlocked pneumatically to 
prevent motion of the disconnect unless - 
all three blast valves have operated. The 
external switch-blade opening valve is 
pneumatically operated by the interlock — 
and when opened admits air to the open- © 
ing cylinder. The opening piston drives 
three racks which engage spur gears at-— 
tached to the lower end of the rotating in- _ 
sulators, which drive the external switch 
blade through a beveled-gear arrangement 
mounted at the hub of the disconnect. 
When the external switch blades have 
opened sufficiently to prevent flashover 
due to system voltage, the trip circuit is 
de-energized, allowing the “interrupter ~ 
contacts to return to their normally 
closed position. The typical operation 
curve, Figure 4A, shows the opening of 
the interrupter head and the subsequent 
opening of the external switches after the 
power circuit has been interrupted. 


“sp 


CLOSING OPERATION 


During a normal closing operation 
only the external switch blades are oper- 
ated. The closing valve coil is energized 
which opens the valve thus charging the 
closing cylinder which drives the racks 
and gears in the direction to rotate the 
operating porcelain to close the switch 
blades. The closing time of the breaker 
is approximately 20 cycles. The design 
of the external stationary contacts and 
the switch-contact shoe is such that 
burning of the current-carrying parts is 
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pe 5,000 amperes, 
momentary rating of the breaker. _ 
_ RECLOSING OPERATION =” 
_ The high-speed reclosing operation is 
performed by the interrupting heads 
alone. The blast valves are opened as 
_ in a normal trip operation and are im- 
mediately closed to allow the interrupter 
__ head contacts to reclose and re-estab- 
_ lish the power circuit. During the first 
_ operation of a reclosing duty cycle, the 
_ external switch blades are blocked to 
_ prevent motion and the trip circuit is de- 
_ energized by means of the pneumatic re- 
closing -relay. The reclosing relay is 
essentially a pneumatically operated 
- auxiliary switch, the contacts of which 
_ control the sequential operation of the re- 
closing cycle. The reclosing relay is 
_ operated by the pressure from the down- 
_ stream side of the blast valve. By 


| mately the same time as the interrupter 
_ contacts reach their full stroke, the inter- 
rupter heads will close to a position 
_ where full-line voltage will strike over and 
re-energize the power circuit through the 


__the fault persists and the trip circuit is 
again energized, the breaker will go 
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through a normal opening operation. 
Figure 4B shows a typical no-load re- 
closing operation with the second trip 
being energized at approximately 14 
cycles. 


Laboratory-Test Results 


The results of laboratory and field tests 
on earlier air-blast breakers!-? formed a 
basis for establishing the laboratory- 
test procedures employed during the de- 
velopment testing of the new breaker. 
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Figure 5 shows the results of one of the 
final series of laboratory interrupting 
tests made prior to shipment of the 
breaker. It will be noted that the breaker 
operated with remarkable consistency 
between the limits of 2.25 to 2.95 cycles 
corresponding to the first current zero oc- 
curring after the contacts leave the con- 
stricted section of the throats. This char- 
acteristic is one of the primary advan- 
tages of interruption by means of an inde- 
pendent source of power. The tests at 
higher currents were made at reduced 
voltages. However, it will be noted that 
the performance of this breaker, in com- 
mon with other low-arc-voltage interrupt- 
ers, was essentially independent of the ap- 
plied test voltage. 

The laboratory reclosing tests indi- 
cated that the breaker was fully capable 
of meeting the unusually high-speed re- 
closing duty for which it was designed. 
The breaker operated to interrupt all 
faults within its rating and re-establish 
the circuit within approximately 14 
cycles. 

Laboratory tests were made with ca- 
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- pacitors simulating line-charging switch- 


ing. These tests were made over a wide - 


_ range of values extending up to an equiva- 
“lent of 25,500 kva, or approximately 200 

‘miles of 138-kv line. These tests indi- 

cated that the breaker evidenced no tend- 
~ ency toward restriking except at very low 
contact separation while the contacts 
- were in the restricted section of the 
_ throat. These restrikes occurred at com- 
_ paratively low voltages since the di- 
electric strength of the gap between the 


~ contacts was low. The restrikes had the 


effect of discharging the capacitors 


rather than building up in the manner 
which has been observed on restrikes 


. oceurring when opposite polarity exists 
across the restriking contacts.?”? Figure 6 


- shows the effect of restrikes which occur 


under the conditions outlined. 
Where final interruptions did not occur 
until the contacts reached the end of the 
restricted section of the throat. thus 
leaving a comparatively high charge on 
-the capacitors, the tests indicated that 
the breaker withstood the high voltages 
incident to the next system voltage re- 
versal because the high dielectric strength 


~ a * Z 
_ 


Figure 9. Interrupting perform- = 
ance of breaker, showing compo- _ 
sition of laboratory and field tests 
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ratory tests made just prior to shipment of 
the breaker. Confirmation of laboratory- 
test procedures by actual field tests is indis- 
pensable to circuit-breaker designers who 
are called upon to meet the demands for 
high-voltage breakers of higher interrupting 
ratings. ; 


2. The precision with which the breaker 
performed during the entire series of open, 
closing, and reclosing 138-kv three-phase 
faults of 260 to 3,500 megavolt-amperes 
confirms the desirable operating character- 
istics which have been ascribed to breakers 
employing an independent source of power 
for are interruption. This characteristic 


Figure 8. Interrupting perform- 


ance of breaker during field tests 


at 138 kv 


of the interrupter had been established by 
this point in the stroke. These results 
are shown in Figure 7. 


Field-Test Results 


The performance of the breaker during 
full-scale field tests made at the Philo 
station of the Ohio Power Company is 
covered by another paper.® 


Conclusions 


1. The field-test results again confirmed 
the testing-laboratory procedures. Figure 
9 shows a comparison of the breaker inter- 
rupting performance on full-scale field tests 
with results obtained on one series of labo- 
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of the breaker is shown in Figure 8 on which 
has been plotted the fault-clearing time for 
each one of the field tests made on this 
breaker. The graph shows the fault dura- 
tion and megavolt-amperes (on three-phase 
basis) for each pole unit. 


3. The reclosing performance under full- 
power test conditions suggests that de- 
ionization time of line-insulator flashovers 
soon may represent the sole limitation to the 
speed with which high-voltage circuits may 
be reclosed.4:5 The three-cycle operating 
time of breakers such as this will probably 
require that we recast our previous concepts 
on minimum time for deionization. 


4, The over-all performance of the breaker 
has been most gratifying: However, it 
would be irrational to infer that the de- 
velopmental task on high-voltage air-blast 
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breakers is completed. Although there are 
ample data and operating experience on 
compressed-air systems as used for the 
performance of purely. mechanical opera- | 


tions, use of these data in many cases has 


been found. pernicious where problems of — 


insulation and arc interruption were en- 
countered. More operating experience with 
high-voltage outdoor air-blast breakers is 
needed. From the practical viewpoint, 


_more economical solutions to problems of 


providing adequate current transformers 
and air-supply systems must be found. 
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to ae meres effect of lone ponerse ae 
loads on commutation, has prevented ver v: 
extensive use of the dynamotor inverter 9 
on recent military aircraft. te 

The motor alternator, as its name im- fi 
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Certain equipment on modern 


_ military aircraft requires a-c power with a 
_ high standard of quality. Good wave shape, 
very small voltage variations, fairly close 
_ frequency range, freedom from radio-noise 


SE eee 


the power supply. 


interference, and reliability over a wide 


range of operating conditions are required of 
A review of the authors’ 
experiences in design and development of 
such power supplies is offered with some sug- 
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‘power requirements on larger airplanes 
indicated an early trend to alternating 
current as the main power supply with the 
load predominantly motors. Ifa two-pole 
motor is assumed to be the lightest design, 
this would result in motor speeds far 
above existing practicallimits. Naturally, 
this group desired three-phase supply be- 
cause of the resulting savings in weight of 


plies, consists of a d-c driving motor and 
an alternator which supplies the a-c_ 
power output. 
than the dynamotor, but its operating — 
characteristics are much more adaptable — 
to the requirements of aircraft inverters. — 
The separate magnetic circuits provide — 
the maximum isolation of the output from 
disturbances on the d-c supply system. | 
Independent control of frequency and 
voltage is easily obtained. Considerable 
investigation at the outset of development _ 


It is inherently heavier — 


ae 
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, 
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gestions for future explorations. both motors and generators. Pressure for work on aircraft inverters has resulted i in <4 
= standardization and its obvious advan- the conclusion that the lightest type of pe 
S, : tages finally forced agreement to 400-cycle alternator is the salient- pole alternator 
z ITH THE ADVENT of World War three-phase supply for large systems. with excitation supplied from the d-c line. __ 
g II, demands for automatic controls, However, the problems of balanced load- Various types of inductor generators and 
_ tadio, and other types of intricate equip- ing under all conditions of component- permanent-magnet generators have been 
® ment for military aircraft increased load operation presented such an obstacle investigated ; but, for equal output, heat- — 
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minus five per cent. 


rapidly. In general, this type of equip- 


_ ment requires an a-c power supply having 
_ extreme freedom from wave distortion, 
modulation, and transient disturbances. 


Nearly all such devices require very close 
control of voltage, and many require con- 
trol of frequency to variations of plus or 
The main electric 


‘system of the airplane consists of 28-volt 


engine-driven d-c generators and storage — 


batteries. In the parlance of the service 
laboratories, an inverter is a device for 
converting d-c power to a-c power and 
that definition will be used throughout 
this paper. The purpose of this paper is 
to point out some of the problems in the 
design of suitable inverters for such exact- 
ing service. Such a discussion would not 
be complete without a look at the future 
with some suggestions for improvement 
by careful co-ordination between design- 
ers of airplanes, auxiliary equipment, and 
auxiliary power supplies. 


Standardization of Frequency and 
Number of Phases 


Even after the beginning of hostilities 
there were conflicting schools of thought 
regarding the proper frequency and the 


_ most desirable number of phases to obtain 


. winter technical meeting, 


the lowest weight of the over-all system. 
Designers of radio and similar equipment 
proposed an 800-cycle single-phase source 
as the power supply which would enable 
them to design the lightest equipment. 
They maintained that, although a three- 
phase design would result in a lighter in- 
verter, loads could not be divided to main- 
tain the necessary balance between phases. 
Another group pointed out that increasing 
Paper 45-82, recommended by the AIEE committee 
on air transportation for presentation at the AIEE 
New York, 'N. Y., 
January 22-26, 1945. Manuscript submitted 
November 18, 1944; made available for printing 
January 2, 1945. 

C. P. Hayes and L. L. Ray are both in the frac- 


tional-horsepower motor engineering division of the - - 7 
applications. 
<= 


General Electric Company, Fort Wayne, Ind. 
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to the three-phase system that single 
phase was soon adopted for most inverters. 


Types of Inverters 


There are many devices to obtain alter- 
nating current from a d-c source. Among 
these devices are mechanical. vibrators, 
electronic inverters, dynamotors, motor 
alternators, and various special combina- 
“tions and variations of these types.! 

The vibrator inverter relies on me- 
chanical interruption of the direct current 
at the desired frequency. Although these 
devices have given excellent performance 
on many applications at 60 cycles, higher 
frequencies are limited because of me- 
chanical difficulties. Such devices have 
found wide use in aircraft? for small power 
ratings and frequencies below 200 cycles 
(see Figure 1). 

The electronic inverter always has been 
difficult to apply where the transformation 
must be effected from a low-voltage high- 
current source. This is because tube size 
is largely a funetion of current and be- 
cause efficiency decreases with operating 
voltage as a result of the relatively con- 
stant internal voltage drop of the tube. 
The electronic inverter is inherently un- 
stable and usually requires elaborate con- 
trol to maintain stability. All these fac- 
tors have precluded its use on aircraft. 

The dynamotor inverter may be de- 
scribed as a d-c motor with taps, or an 
additional rotor winding, connected to 
slip rings. A-c power may be drawn from 
the slip rings. In other words, input and 
output windings have a common magnetic 
circuit like a transformer, and voltage out- 
put is proportional to voltage input as in 
the transformer. Control of the field cur- 
rent will change the frequency but will 
have little effect on the voltage. Since the 
direct-voltage supply is subject to con- 
siderable variation, the output voltage 
also varies over too wide a range for many 
This limitation, in addition 
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ing, power factor, and inherent stability, 
the salient-pole machine has proved to be 
lighter. 


/ 


Power Packages 


Early inverters were furnished with 
separate voltage regulators, filters, and 
starting systems. Demands from the 
armed services led to incorporation of 


more and more of these devices into the 


same structure. The advantages of sim- 
plicity of design, ease of installation, ease 
of servicing, and better co-ordination of 
the various elements were obviously de- 
sirable. Later designs have followed this 
pattern and have proved very satisfac- 
tory. One of the more recent examples of 
this design philosophy is described in de- 
tail. 


Frequency Control 


Frequency control of vibrator and elec- 
tronic inverters is not within the scope of 
this paper. Frequency control of dyna- 
motors and motor alternators is much the 
same, since both involve the variation of 


Vibrator-type inverter 


Figure 1. 
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¥ Figure 2. Elementary circuit of centrifugal 
contact-speed regulator 


A—Motor armature 
C—Capacitor 
F—Motor field 
R—Regulator resistor 
S—Regulator contacts 


the field current to maintain the necessary 
rotational speed. Of the several methods 
of frequency control available, none is free 

_ from objectionable features. All methods 
depend on control of the current in one or 
more field windings of the motor or dyna- 
motor. For success, each method depends 
on a motor design which is co-ordinated 
very carefully with the requirements and 
with’ the limitations of the control to be 
used. 

One simple light control consists of 
centrifugally operated contacts in parallel 
with a fixed resistor. This resistor is 
placed in series with the motor field (see 
Figure 2). In the simplest form, this con- 
tact remains open until regulating speed 
is reached, being held open by the leaf 
spring to which the movable contact is 
secured. When the control speed is 
reached, centrifugal force on the contact 

_ becomes greater than the spring force, and 
the contacts close. This allows more field 
current to flow, reducing the motor speed. 
As soon as the speed falls to a value such 
that the spring force again exceeds the 
centrifugal force, the contacts open again, 
reducing the field current and increasing 
the speed. In most cases, speed can be 
maintained within plus or minus two per 
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cent by this means. 
some deterioration of c 
some troubles have been exp 
the contacts. A small capa 


+ FE ea 
required across the contacts to assis t in 


breaking the field current. The wide tem- 
perature, voltage, and load variations en- 
countered in such applications require a: 
large difference between the minimum 
- field current and the maximum field cur- 
rent. Therefore, the resistor, R, must be 
a large percentage of the total field-circuit 
resistance. Operation of the contacts, in 
effect, shifts the motor back and forth be- 
tween widely divergent speed-torque 
curves. The resultant armature current 


_pulsations cause variation in the d-c ter- 
minal voltage. This voltage variation is 
reflected into the alternator excitation, 
producing an objectionable modulation of 
the a-c output voltage. 


Modulation as 


Figure 4. Elementary voltage-regulator circuit 


A—Alternator output winding 
C—Voltage-regulator actuating coil 
F—Alternator field winding 
R,—Calibrating resistor 
R,—Field-control resistor 
S—Rectifier 


low as one half of one per cent has caused 
trouble on some apparatus. 

Another basic type of frequency control 
makes use of a resonant circuit which is 
supplied from the inverter output. Varia- 
tion in frequency causes a large change in 
voltage across one of the elements. This 
change in voltage may be used directly to 


Figure 3 (left). Early 
type of tapped-resis- 
tor voltage regulator 
Figure 5 (right). Ex- 
perimental electronic 
voltage regulator 
(American Time 
Products, Inc.) com- 
pared with a carbon- 
pile voltage regula- 
tor (Leland Electric 
Company) and _ its 
rectifier 
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using a standard aircraf t carb 
age regulator. 


All o ese 
though giving continuous smooth contr< 
are heavy: In addition, if electr 
plifiers be used, high-voltage fine W 
field windings are required, which intr 
duce additional hazards to reliability. — 

Another method, which appear = | 
good possibilities, is the carbon-pile-type = 
speed regulator, which is operated cen- — 
trifugally. Speed variations are translated — 
into force by a centrifugal mechanism. 
The force controls resistance of the carbon — 
pile, which in turn controls the motor 
field current. However, no great amount ~ 
of operating experience has yet been ob- © 
tained. It is feared that this device prob- — 
ably will be subject to the same troubles" 
as the carbon-pile voltage regulator, 
which will be discussed later. 


ae dicen 


Voltage Control 


Early types of d-c regulators for aircraft 
first were used to control inverter output 
by rectifying the a-c output and feeding 
this direct current into the actuating coil 
of the regulator. Temperature compensa- | 
tion of the circuits was not difficult, but — 
these early regulators consisted of tapped — 
resistors, which were successively short- 
circuited, tap by tap, to eontrol the alter- — 
nator field current. Severe modulation 
difficulties were experienced due to hunt- 
ing between the nearest taps above and 
below the voltage actually required to 
satisfy the actuating coil of the regulator. 
The device, including the necessary recti- 
fier and temperature compensation, re- 
quired shock mounting and was consid- 
ered to be bulky and heavy. A picture of — 
the regulator element is shown in Figure 3. 

The carbon-pile voltage regulator has 
been adopted widely in this country (see 
Figure 5). It has been adapted to control 
of inverters, in the same way as the 


rr 
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_ ance of the carbon pile disks under short- 
time loading conditions provides a temp- 
_ tation to give them a higher service rat- 
_ ing than practical, especially in view of 
_ the insistent demand for reduced weight. 


' when the pressure is reduced on the disk 
to secure maximum resistance, causes 
_ pitting and cumulative burning, so that 
__ the device is soon inoperative if it is over- 
- loaded. Only experience can tell what the 
proper limit of rating these carbon-pile 
_, regulators should be. The aforemen- 
tioned delicate adjustment which must be 
_ repeated after the simplest of servicing 
' operations is a considerable hazard to re- 
_ liable operation. 
Some work has been done with elec- 
a tronic control devices (Figure 5), where a 
> bridge circuit compares output voltage 
a with a standard-voltage tube. Output of 
_ the bridge circuit is amplified by elec- 
f tronic tubes and fed into a control field of 
_ the alternator. Here again, high voltages 
_ and fine-wire windings are objectionable 
_ from the standpoint of reliability, as com- 
_ pared with other types of control. So far, 
_ devices of this type are both heavy and 
_ bulky, compared to the carbon-pile type. 
Present requirements of certain in- 
verter loads are too severe to be satisfied 
with any existing regulators. Consider- 
able experience in this field indicates that 
either regulators must be improved or the 
load device must be made less sensitive to 
modulation and voltage variation. 


Radio-Noise Requirements 


Most equipment is quieted by suitable 
_ filters installed on the airplane at the point 
- of manufacture. Since inverters are fre- 
_ quently installed after manufacture and 
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_ However, the minute arcing which occurs | 
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Figure 7. Wiring diagram of inverter 


delivery of the airplane to the armed serv- 
ices, they usually are required to meet 
radio-noise limits. This means that radio- 
noise filters are built in as part of the ma- 
chine. Most specifications require stand- 
ard limits of noise over a standard fre- 
quency band, but requirements appear to 
be increasing in severity at this writing. 


Brush Life 


Early d-c motors and inverters for air- 
craft encountered considerable difficulty 
because of the extremely short life of the 
brushes when operating at high altitudes. 
The reasons for the condition were several. 
Brushes used on early machines were those 
selected by designers based on their ex- 
perience with ground-level performance. 
At the same time, in their desire to meet 
pressing demands by the armed services 


Figure 6. Power- 
package inverter— 
1.5 kva, 360/500 


cycle 
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for lighter equipment, compromises oc- 
casionally were made with designs which - 


were later proved inadvisable. Finally, 


the effects of commutation on brushes and 
commutators at high altitudes where ex- 


tremely small quantities of moisture are 
present had not been investigated. This 


last factor, the most important, required ; 


time to prove and longer to overcome. 
Rapid strides were. made to develop 
brushes suitable for high-altitude opera- 
tien, once equipment was available for 
high-altitude testing.** Radical improve- 
ments also have been made in brush cool- 
ing, as will be described later. 


Cooling 


Lightweight high-speed devices for air- 
craft must dissipate most of their heat by 


forced convection, because natural con-~ 
vection and radiation cannot dissipate — 


successfully the losses generated in such 
machines. When altitudes representing 
one quarter of an atmosphere (approxi- 
mately 40,000 feet) are encountered, the 
volume flow of cooling air remains con- 
stant, but its weight flow drops to one 
fourth that obtained at sea level. This 


means that the ventilating air is much less. 


effective under these conditions. This ef- 
fect is compensated for, to some degree, 
by the lower temperatures at such alti- 
tudes. Smithsonian tables’ indicate an 
average temperature of —55 degrees centi- 
grade at 40,000 feet. However, inverters 
and similar equipment usually are in- 
stalled in the main fuselage, and flight 
tests indicate that the unheated cabin tem- 
perature is normally 25 to 35 degrees centi- 
grade warmer than outside air. The de- 
signer’s problem would be greatly simpli- 
fied, if more data on operating conditions 
were known. However, from the data 
indicated, it readily may be seen that the 
worst condition for cooling is that of 
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Figure 8. Comparison of 400-cycle three- 
phase drive (right) and 28-volt d-c drive (left) 
- for inverters of identical output rating 


maximum altitude with highest expected 
machine ambient temperature. Early 
machines were designed for temperature 
corresponding to Smithsonian values, 
which meant that performance suffered 
when higher ambient temperatures were 
encountered. Newer designs have taken 
- into account these higher ambient tem- 
peratures at high altitudes. 

Later machines have been designed to 
obtain better cooling of the brushes and, 
at the same time, maintain adequate cool- 
ing of the windings. 


‘Maintenance 


Because of misconceptions of expected 
service procedures and requirements, 
many early designs did not give sufficient 
emphasis to ease of servicing the equip- 
ment. This shortcoming, combined with 
the short brush life mentioned, resulted in 
vigorous complaints by service personnel. 
Later designs have been improved vastly 
in this regard, particularly with respect to 
brush inspection and replacement. 


Typical Inverter 


A recent design which has been used 
widely in Army aircraft is shown in Figure 
6. An interesting feature of this inverter 
is that all structural parts, with a few 
exceptions, are of steel. “This feature was 
dictated by the extreme shortage of alu- 

“minum and magnesium at the time of its 
development. By careful design, an over- 
all weight penalty of only five per cent was 
involved. 

The right-hand side of the machine, as 
viewed in Figure 6, is the drive motor. 
Brushes may be removed for inspection 
without the use of any tools and can be 
replaced with new brushes by a few turns 
of one screw on each stud. The remoy- 
able brush caps are part of a carefully de- 
pe cooling system for the brushes. 

_fan expels air from the machine, 
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drawing fresh cool air through the alter- 
nator and motor, and a perallel path 
allows air to flow in through the brush 
caps. A restriction of flow occurs along 
the brush, creating a high velocity of air 
to cool the brush and to impinge on the 
commutator surface for further cooling 
benefits. This system has greatly in- 
creased brush life without resorting to re- 
duced current density in the brushes. 
This factor, coupled with improved brush 
materials and improved commutation, re- 
sulted in high-altitude brush life which 
was startling compared to previous ex- 
perience. The brush life of this machine 
far exceeded any obtained previously. 
Recent improvements on drive motors for 
other types of equipment, where duty is 
not so severe and where the same basic 
type of brush rigging and cooling is used, 
indicate an expected high-altitude brush 
life equal to or better than that expected 
at normal altitude. 

The left-hand side of the machine con- 
sists of the alternator. The wave shape is 
extremely good, having a harmonic con- 
tent below four per cent. It consists of a 
six-pole salient-pole rotor excited through 
slip rings from the d-c supply. ~The 400- 
cycle output is generated in the stator 
windings. 

The control box is mounted on top with 
heavy stud terminals for the d-c input. 
A standard aircraft connector provides 
easily removable connections for output, 
remote vernier voltage setting, remote 
push-button starting, and one or two cir- 
cuits not directly related to this discus- 
sion. 

If viewed from left to right, the control 
box includes voltage regulator elements, 
radio-noise filter, contactors, and inter- 
lock relay for motor starting. All ele- 
ments of the control are mounted for ease 
in servicing and replacement in the event 
of combat damage. A diagram of the cir- 
cuit is shown in Figure 7. Provision is 
made for temperature compensation of 
the motor field circuit to minimize fre- 
quency variation. No other frequency 
control is provided. The voltage-regula- 
tor network is also temperature compen- 
sated. Tests indicate a change in regu- 
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greater than foregoing designs, is none toc 


ent- day specifications for 
tions. . 

Tt; represents a partial re 
extreme.“‘bone cutting’ 
of earlier designs. It has op 
tinuously at altitudes above 35,0! 
ambient temperatures of +15 de; 
centigrade for long periods of time. 
increasing experience regarding type of 
installation, i* is believed that the margin 
of safety in this machine, though mu 


5 


great. Since these inverters usually are — 
installed after all other equipment, “com- 
promises made with ventilation upon in- H 
stallation are frequently startling. F 

For future applications on aircraft with 7 
a-c power supplies, it may still be neces- 
sary to isolate certain fussy loads from the 
main system. Figure 8 shows an interest- | 
ing comparison between two machines de- 
signed to identical specifications, except 
that the drive motor for the machine on 
the right is designed to operate on a 400- 
cycle, three-phase supply while the ma- 
chine on the left is identical to that im 
Figure 6, for d-c-supply. The simplifica- 
tion of control and weight reduction are 
quite obvious. 


; 
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Recommendations ; 

In view of the considerable weight re- © 
quired for control, it appears reasonable 
to suggest a review of present specification 
limits with the following points in mind. 

Inherent speed regulation without the 
use of speed-control devices appears to be 
limited to about plus or minus ten per 
cent. Current developments in perma- 
nent-magnet excitation indicate a possi- 
bility of five-to-seven-per-cent voltage 
regulation for a given frequency and volt- 
age proportional to frequency for any 
fixed load impedance. If the load devices 
could be designed for such a spread in 
frequency and voltage with less increase in 
weight than that saved in the control, 
over-all weight would be reduced. More 
important, much of the complexity of the 
inverter would be eliminated, resulting in 
less field servicing, greater dependability, 
and longer life. 

In general, new electronic devices have 
been very demanding in regard to quality 
of the power supply. Usually, later de- 
signs can tolerate more variation, and this 
trend should be encouraged, if it result in 
lower over-all weight, greater simplicity 
of the system, or both. 

If this approach does not yield satis- 
factory results, radical improvement in 
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gn DEVELOPMENT work leading to 
fi new and improved designs of equip- 
¢ Brit involving are interruption the suc- 


fluenced by the quality of the instruments 
used for measurement. The arc-inter- 
ruption problem is one that has been in 
existence since the first electric installa- 
tion. Nevertheless, progress continually 


a 


ba 


__ more efficient devices for stopping the flow 

__ of electric current. One of tae most prom- 
2 B cing ways of furthering this progress lies 
_ in the development of new methods of 
_ Measurement. 


¥ 


z Scope of This Paper 


fe This paper describes a laboratory elec- 
_ tronic instrument which was developed 
for the purpose of measuring in milli- 
seconds the time during which arcing 
exists when an electric circuit is opened. 
_ The need for such an instrument and the 
“type of investigation for which it is best 
suited also are discussed. Examples are 
_ presented to illustrate the usefulness of 
_ the instrument for timing both a-c and 
d-c arcs. 
The interruption devices referred to in 


CONTACTS OF 
TEST DEVICE 


CURRENT 
TRANSFORMERS 


Circuit-connection 
diagram for a_ three-phase arc-interruption 
test, showing connections for magnetic-oscillo- 
graph elements to record current and voltage 
traces for each phase 


Figure 1. elementary 


: M—Locked-rotor motor load 


_ devices for the control of frequency and 
voltage is needed. The prime require- 
ments of such devices are light weight and 
continuity of control. In other words, 
discontinuities, such as finite resistance 
steps or vibrating contacts, should be 
avoided. 
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cess of the work is to a large extent in- 


is being made in developing smaller and 


this paper are those commonly found in 
industrial-control applications: contac- 


tors, relays, push buttons, and so forth. - 


In some respects the problem of arc inter- 
ruption for control applications is similar 
to that found in switchgear and other re- 
lated applications. The illustrations 
given will be, for the most part, on a-c 
applications, but similar illustrations 
could be given for d-c interruption. 


Development Testing on Arc- 
Interrupting Devices 


Arcing tests on industrial-control de- 
vices can be classified as 


1. Interruption tests. 
2. Life tests on the contact tips. 


The two are somewhat interrelated. Be- 
cause it takes several months to conduct 
a single tip-life test, some means of pre- 
dicting the outcome of these tests is es- 
sential, and, in many cases, the interrup- 
tion tests serve this purpose. 
Interruption tests sometimes are made 


-in order to determine whether a device 


will interrupt a particular load, -but more 
often they are made to compare designs 
and to find out which is the most efficient. 
The tests consist of operating the contac- 
tor making and breaking the current of a 
prescribed load. A locked-rotor motor 
frequently is used for load, because, in 
general, it is the most severe load that the 
contactor will be required to interrupt. 
The arc-interruption transient usually 
lasts 50 milliseconds or less for a-c applica- 
tions and 100 milliseconds or less for d-c 
applications. There is little commer- 
cially available measuring equipment that 
will measure during so short an interval. 


Measuring Equipment 


The magnetic oscillograph frequently is 
used to obtain arc-interruption informa- 
tion. The circuit connections used for this 
purpose are shown in Figure 1. The cur- 
rent and voltage traces for one phase re- 
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tions. 
developed, the time required to trans-— 


sulting when the contactor is aes and 
opened, are shown in Figure 2, Elements — 


‘may also be used to record arc-energy — 


traces, or the energy may be calculated 
for each interruption from the voltage and — 
current traces. The information obtained 


in milliseconds, the wave-shape of the arc 
voltage and current, and the arc energy. . 
It is not feasible to take oscillograms of 
all operations, because an interruption 
test may consist of several hundred opera- 
Even if the records were taken and 


scribe the information from them would be — 
prohibitive. Therefore, it is necessary to 
base conclusions on a few oscillograms and - 
hope that the information obtained is 
representative. Furthermore, since the 
oscillograph element and its external re- 
sistor, Ri, must be placed in parallel with 


the arcing tips, the quantities to be meas- _ 


ured are affected by the measuring equip- 
ment. Figure 3 shows the effect of this 


arc-shunt resistance on the average are 


time. The oscillograph circuit resistance 
shunting the are usually ranges between 
5,000 and 15,000 ohms for 550-volt inter- 
ruption. The average arc time is 70 to 90 
per cent shorter when the oscillograph is 
connected, the data recorded on oscillo- 
grams being optimistic. It would be im- 
practical to use a more sensitive oscillo- 
graph element because of its limitations of 
frequency response. 

Information on arcing can be obtained 
by means of high-speed moving pictures. 
In some cases the information obtained is 
excellent, but in analyzing the results ob- 
tained the modifications that were neces- 
sary so that the arc could be photographed 
should be kept in mind. A fact not well 
known about this technique is that, if an 
auxiliary light source is used, the amount 
of light required for the high-speed pic- 
tures may obscure the are on low-current 
interruptions for several milliseconds both 
at the beginning and at the end of the 
arcing period. The expense and time re- 
quired to obtain data are additional limi- 
tations of this method. 

An instrument has been developed to 
measure the arcing time for d-c interrup- 
tions as well as the time of bounce of con- 
tacts when closing.! With this instru- 
ment the contacts under observation can 
be tested only on direct current. Con- 
cerning a-c interruption, the paper de- 
scribing the instrument states that, be- 
cause of the additional variables involved, 
readings of are time will vary widely. 
The article continues “If the test is made 
with direct current, the latter can be ad- 
justed to any value, thus simulating any 
desired ‘instantaneous’ value of alternat- 


Paper 45-64, recommended by the AIEE com- 
mittee on instruments and measurements for pres- 
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New York, N. Y., January 22-26, 1945. Manu- 
script submitted November 14, 1944; made avail- 
able for printing December 28, 1944. 
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from an oscillogram, then, is the arc time 
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Figure 2. Oscillograph traces of voltage and 


current transients produced during a single- 


phase arc interruption 


The E, signal is the voltage signal from across 

the contacts of the interrupting device while 

pte Be signal is proportional to the interrupted 
Guneente 


“ing current.” Actually, a-c interrupters 
are seldom tested on direct current, since 


- the interruption phenomena involved are 


quite different. The fact that arcing time 
varies over a wide range emphasizes the 
need for some means of easily obtaining a 


large number of readings to insure proper. 


analysis. 
The Electronic Arc Timer 


A laboratory electronic instrument for 
measuring the length of time that an arc 
_persists when an electric circuit is opened 
has been developed. The instrument re- 
quires two input signals, one obtained 
from the arc voltage, and the second from 
the circuit current. Typical arc-voltage 
and circuit-current signals are shown on 
Figure 2. Timing is initiated when the 
voltage signal appears, and it is stopped 
when the current goes to zero. During 


_ the interim, a capacitor is charged linearly 


with time, and the voltage on the capaci-. 


tor is inversely proportional to the arc 
time. The instrument consists of a regu- 
lated power supply, a timing circuit, a 
voltage-signal circuit, and a current-signal 
circuit. These circuits are shown on 
Figures 4, 5, 6, and 7 which are drawn 
so that the position of a line on a diagram 
is indicative of the potential of the element 
represented. Point 5 is at the lowest po- 
tential'and is drawn at the lowest position 
on the circuit diagram, whereas point 1 is 
at the highest potential and is drawn at 
the top of the circuit diagram. This 
method of drawing the diagrams should 
be kept in mind for the following explana- 
tion of the operation of the instrument. 
The power supply and timing circuit 
are shown in Figure 4. The power supply 
is of the conventional type used to provide 
constant direct voltages independent of 
a-c line voltage fluctuations. The timing 
circuit consists of capacitor 3C charged by 
a constant current through pentode 9VT. 
The charging current is controlled by the 
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variable cathode resistor 5VAR. The 


-maximum tinie interval measured can be 


varied either by changing the size of the 
capacitor 3C, or by changing the charging 
current. The voltage across the timing 


capacitor 3C controls the grid of a cathode- — 


follower circuit in which a d-c voltmeter is 
used as the cathode resistor. The voltage 
across the voltmeter is therefore inversely 
proportional to the voltage on the capaci- 
tor. This unique method of measuring 
the voltage across the capacitor reduces 


_the leakage current to a minimum. The 


timing circuit is turned on and off by 


_ means of the bias voltage that is placed on 


the screen-grid of the pentode at point 7. 
The following is an explanation of how the 
are voltage and circuit current are used to 
start and stop the timing circuit. 

The voltage-signal circuit that starts 
the timing circuit is shown in Figure 5. 
E, and C are connected across the tips of 
the device on which the arc time is to be 
measured. When the tips of the test de- - 
vice are closed, current is flowing through 
the tips, but the voltage across them is 
practically zero. With zero voltage be- 
tween E, and C, point 16 (plate of 17VT) 
is adjusted by means of the potentiometer 


10 564-5 


AVERAGE ARC TIME — MILLISECONDS 


ie) 10,000 
Ri, ARC-SHUNT RESISTANCE — OHMS 


20,000 30,000 40,000 
Figure 3. Average arc time versus arc-shunt 
resistance for arc interruption by a commercially 


available size-2 contactor 


100 readings of arc time taken for each point. 
One third of readings taken on each phase 


M—550-volt 305-ampere 50-horsepower 
locked-rotor induction motor 
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Figure 4. Power Pee aad i aeies circuit | 
for arc-interval timer ~ a | 


3VAR to the level of point 2 in potential. 
As soon as the contacts part and areing © 
begins, a voltage appears between E, and ~ 
C. HE, may be either positive or negative 
with respect to C. The change in poten- — 
tial between point 10 and point 4 is pro- 
portional to the change between EZ, and C. 
Point 10 controls the potential of point 16, 
which controls the current through the 


¢ 
5 


peaking transformer V. If E, becomes — 


more than five-volts positive with respect _ 
to C, point 16 drops close to point 18 in — 
potential. When E, becomes more than — 
five-volts negative with respect to C, — 
point 16 becomes close to point 1 in po-— 
tential. In either case, the neon tube 2Ne — 
becomes conducting causing a surge of 
current'through transformer V. The sig- 
nal from the secondary winding of trans- — 
former V is rectified and controls the grid — 
of thyratron 11VT. Normally, the grid 
of 11VT is biased to a negative potential 
(point 9) somewhere between point 4 and 
point 5. The rectified signal from trans- 
former V fires 11VT and causes the po- 
tential of point 8 to increase from point 4 
close to point 18. Since negligible current 
passes through resistor 7R, point 7 is 
maintained at the same potential as point 
8. Therefore, if a positive or negative 
voltage ‘signal of five volts or more is 
placed between EZ, and C, the pentode 
(9VT) in the timing circuit is made con- 
ducting. 

The current-signal circuit that stops 
the timing circuit is shown in Figure 6. 
The input signal, proportional to current, 
is placed between E;, and C. With zero 
signal input, 1VAR and 2VAR are ad- 
justed so that 13VT and 14VT are not 
conducting, but, if either point 14 or 
point 15 increases in potential, 13VT or 
14VT will start conducting. With the 
contacts of the test device closed, E; is 
fluctuating with respect to point C. When © 
E; is five volts or more positive with re- 
spect to C, point 12 is close to point 18 in 
potential, and point 13 is close to point 1 
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Figure 5. Voltage signal circuit for arc- 
4 interval timer 


This circuit starts the timing circuit when a 
_~ __ voltage is placed between E, and C 


- point 18 in potential. During the interim 


_ in which neither tube is conducting, point - 


_ 1lis held down in potential by means of the 
_ capacitor 4C. When the current signal 
between £; and C goes to zero and re- 
_ mains zero for a short time, point 11 will 
i increase in potential enough to cause neon 
_ tube 1Ne to become conducting which re- 
sults in a surge of current through trans- 
_ former J. The resulting signal from the 
_ secondary winding of transformer J is 
rectified by 10VT and controls the grid of 
_thyratron 12VT. Normally, the grid of 
12VT is biased negatively. The rectified 
signal from transformer J fires 12VT and 
thereby removes the positive bias on the 
grid of pentode 9VT and prevents it from 
conducting. 
The complete circuit for the timer is 
shown in Figure 7. £,, C, and &; are 
- connected to the test contactor as shown 
_ on Figure 8. The current signal can be ob- 
tained from a small amount of series re- 
sistance or from current transformers, 
With Figure 7 as reference, the operation 
of the circuit can be summarized as fol- 
lows. When a voltage signal appears be- 
tween #, and C, thyratron 11VT is made 
to conduct. This increases the potential 
of point 7 and starts the timing circuit. 
When the signal between Z; and C goes 
to zero and remains zero for a short inter- 
val, 12VT is made conducting. This re- 
moves the positive voltage from point 7 
and stops the timing circuit. The meth- 
ods of resetting the timer and means of 
calibrating are given in the following para- 


graphs. 
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Before each reading the timer must be 
reset while the contacts of the test device 
are closed and current is flowing.’ The re- 
set consists of removing the plate voltage 
from the thyratrons and discharging the 
timing capacitor. A small relay is used 
for this purpose. Reset may be accom- 
plished by hand, by means of an external 
reset, or automatically. When hand reset 
is used, the procedure is as follows: 


1. Close the contacts of the device being 
tested. 


2. Close and open the contacts of the reset 
relay. . 


3. Open the contacts of the test device. 
4. Read the output voltmeter. 


In many cases this process is too slow, and - 
it is not desirable to have current flowing 
into the load for the length of time re- 
In this case an 


quired for hand reset. 


Figure 6. Current-signal circuit for arc-interval 
timer 
This circuit stops the timing circuit when the 
voltage between E; and C, proportional to 
current, goes to zero 


Figure 7. Complete circuit diagram for arc- 
interval timer 


exteonal aa can be used to reset fed in- 
strument. This relay should have two a 


sets of contacts, one of which closes be 
the second. When this relay is energized, 
the first contacts to close energize the test 
contactor and the second reset the timer. — 
When the relay is de-energized, the reset 
relay is de-energized before the coil of the 
contactor. 
proper sequencing of events and permits — 
having the test contactor closed for only a 


Pe i Cha 3 Ws 4 4 
‘ ane a te a 


This method insures the me 


few cycles. The third method of reset re- i oe 


quires no external relay. The timer is 


normally held in reset. When the current — AS 


signal appears, the timer is dropped out of © 
reset, and it is again reset after a definite © 
time delay.. The time delay can be ad- 
justed to allow for the operation of the 
test contactor and for reading the output 
voltmeter. 


Calibration 

The arc timer can be calibrated by 
several methods. Two voltage signals are 
required for calibration; one to start and 
the second to stop the timing. If the time 
interval between the voltage signals can 
be controlled accurately, a calibration 
curve of time interval between these two 


voltage signals versus voltage towhichthe  —__ 


timing capacitor is charged can be ob- 
tained. The voltage signals can be ob- 
tained from an electronic circuit or from 
motor-driven commutators. In the first 
case the time can be varied by changing 
the frequency standard, whereas in the 
second case, the speed of the motor con- 
trols the time interval. Calibration also ~ 
can be accomplished by taking an oscillo- 


- graphic record of an actual are interrup- 


tion. Here the timer-output-voltage 
trace can be put on the same film with the 
are voltage and circuit current. From 


such a record the slope of the timer output. — 


voltage in volts per millisecond can be ob- 
tained. The time delay caused by the 
capacitor 4C can be measured. By check- 
ing a few points in this manner, a complete 
calibration curve can be obtained. Al- 
though the timer possibly could be made 
into a precision instrument, for arc-inter- 
ruption work this is not necessary. For 
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i ne 


«es Figure 8. Dera 
qe Ev diagram showing how 
c input signals for the 

arc-interval timer actu- 


ally are obtained 


M—Locked-rotor motor load 


this application, one is interested pri- 
marily in comparative results. For this 
reason, ati accuracy of plus or minus one 
millisecond, has been considered satisfac- 


tory. 
Advantages of the Timer 


There are a number of characteristics 
of the timer that make it well suited for 
- arc-interruption work. It reads directly 
and thereby eliminates expensive and 
- time-consuming photographic processes. 
Only a few minutes are required to set up 


the instrument for a test, and no readjust- 


ments are required when the voltage or 
current to be interrupted is changed, pro- 
viding the input signals are greater than 
the minimum five volts. Readings of arc 
- time can be obtained very rapidly, and it 
requires only a few minutes to complete a 
test of 100 interruptions with the are time 
’ recorded for each operation. Because its 
input impedance is several megohms, the 
timer does not alter the interruption tran- 
sient. The instrument can be used to 
time either a-c or d-c interruptions, a 
feature that distinguishes it from any 
other device so far reported. 
The usefulness of the timer is not 
limited to the measurement of arc time. 
It can be used to measure the interval be- 
tween two voltage signals; either signal 
can be above five volts and suddenly go to 
zero or be zero and jump to five volts or 
more. In this manner the timer has been 
used to measure the opening and closing 
travel time of contactors, the sequencing 
of devices, and for many similar applica- 
tions. It is especially useful in the range 
from several milliseconds to 200 milli- 
seconds. 


Timing D-C Arcs 


The arc-interval timer has been used to 
advantage for the investigation of d-c arc- 
interruption phenomena.? When a num- 
ber of interruptions of the same d-c load 
are repeated the range of arc-time read- 
ings usually is not large. For this reason 
10eor 20 readings of arc time at each load 
insure good distribution curves. 

A series blowout-type contactor often is 
used to handle d-c power loads. In these 
contactors the arc is transferred from the 
tips to arcing horns soon after the tips 
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part. Figure‘ 9 anor a curve of average 


arc time versus current for interruption by 
this type of contactor. The long arc time 
in the low-current region and the practi- 
cally constant time for loads above 100° 
amperes are characteristic of d-c blowout 
contactors. It should be noticed in Figure 
9 that the series blowout field of the usual 
number of turns is not effective for low 
currents. For this reason low-current re- 
lays and interlocks ‘for control circuits 
usually do not have a series blowout coil, 

but rely upon gap or a permanent-magnet 
field to stretch the arc until the current 


AVERAGE ARC TIME — MILLISECONDS 


200 300 


400 
CURRENT —AMPERES 


500 


Figure 9. Average arc time versus current for 
arc interruption by a blowout-type commer- 
cially available d-c contactor 


Load: inductive, 250 volts 
30 readings of arc time taken at each point 


ceases. For these devices curves of aver- 
age arc time versus current can be used to 
find the effect upon interruption of chang- 
ing gap, permanent-magnet blowout field, 
speed of opening, and so forth. 


Timing A-C Arcs 


The range of arc-time readings for a-c 
interruption is much greater than for d-c 
interruption. The principal reason for the 
difference is that alternating current goes 
to zero two times each cycle. Interrup- 
tion occurs at or near the normal current 
zero. The are time therefore depends 
upon 


1. The time between the parting of the 
tips and the following current zero. 


2. Which current zero after the parting of 
the tips completes the interruption. 


Because of the large range of readings and 
because data on are time must be taken 
from each of three phases, it is often neces- 
sary to take as many as 100 readings at 
each load. 

It is difficult to generalize concerning 
a-c interruptors, for they are quite differ- 
ent in design and principle of operation. 
The average arc time is about four milli- 
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load, and the failure can be predicted by 


nope Pe iets a 


depends} primarily upon 


1. The design of the interrupting : device, ‘ 
The applied voltage. 
3. The type of load. 


Failure of the device cil occur wat some : 


means of the arc-time curves. These 
curves also provide an excellent means of — 
comparing the operation. of several con 
tactors and of evaluating changes i in the , 
design of a single contactor. } 

Data can be obtained by use of the i in- 
strument described that cannot be ob- . 
tained by other means.* The results 4 
shown on Figure 3 are a good example of 
this type of information. It is well known — 


that the oscillograph-circuit resistance 


shunting the arc has some influence upon — 


arcing. Specific information about the © 
magnitude of the change caused by the 
parallel resistance and how large the re-_ 
sistance can be without influencing inter- 
ruption has been lacking. The informa-_ 
tion in Figure 3 was obtained in a few 
hours. 


Conclusion 


There has been a definite need for 
measuring instruments that can supply 
information concerning the transient pro- 
duced by circuit interruption. An instru- 
‘ment is described that is especially suited 
for the measurement of the length of time 
that an arc-transient exists. The new in- 
strument has been a valuable aid in con- 
ducting both a-c and d-c arc-interruption 
studies. The instrument has been in use 
for approximately a year, during which 
time over a quarter of a million readings of 
are time have been taken. Data are be- 
ing accumulated on the performance of 
interrupting devices, the relative severity 
of loads, the correlation of single-phase 
and three-phase interruption tests, and on 
many other aspects of the interruption 
problem. This kind of information is of 
great value to designers of arc-interrupt- 
ing devices. 
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HE PRACTICE of using a single 
power-line carrier channel to perform 
eer different functions is becoming i in- 
‘ creasingly common. This practice is en- 
couraged by the savings in equipment and 
_ in carrier-channel space that can be ef- 
fected when a single carrier transmitter 
“4 and receiver are used jointly by some 
' combination of relaying, telemetering, 
_ communication, load control, and super- 
_ visory-control equipment. The recent 
introduction of a wide line of individual 
: Bsc mounted carrier components! makes 
_ it possible to select exactly the apparatus 
“necessary for the combination of functions 
_ to be performed and further encourages 
_ the use of a single carrier assembly for 
several co-ordinated functions. 
- Certain combinations of functions on 
carrier channels have been described in 
previous papers.!:? These papers gener- 
_ ally have described functions on point-to- 
point channels and have considered 
mainly such functions as relaying, com- 
_ munication, and telemetering, mentioning 
supervisory control only briefly. As a re- 
sult, methods of combining carrier com- 
munication and relaying are relatively 


a 


wellknown. Thechannel requirements of 


telemetering and load control are com- 
paratively simple, and the combination of 

these functions with others offers no es- 
pecially difficult problems. However, the 
channel requirements of supervisory-con- 
trol systems, particularly those of the 
multistation type, are relatively more 
strict than those for most functions. The 
application of such systems in ‘combina- 
tion with other carrier functions requires 
an understanding of these requirements if 
correct and dependable operation is to be 

‘secured. These requirements have not 
been previously described in detail. 

It is the purpose of this paper to point 
out what conditions must be satisfied for 
proper operation of a standard super- 
visory-control system; to tell why some 
combinations of carrier supervisory con- 
trol with other functions, which on the 
surface appear workable, may be subject 
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to undesirable limitations; and to de- 
scribe methods of co-ordinating certain 
acceptable combinations so that reliable 
operation of the supervisory-control sys- 
tem is assured. 


Principles of Operation of - 
Supervisory Control 


Supervisory control is a system of con- 
trolling and supervising from a central 
point the operation of equipment at one 
or more remote locations. Control and 
supervision of a number of separate pieces 
of equipment are accomplished with rela- 
tively few conductors or channels. In the 
Visicode supervisory-control system, 
which is the system considered in all 
further discussion in this paper, only a 
single pair of wires or a single carrier 
channel is required. 

In the Visicode supervisory-control sys- 
tem, supervision and control of a large 
number of individual pieces of equipment 
are obtained by selective relay systems, 
which automatically generate and receive 
impulses in coded groups to perform the 
functions of selecting the apparatus to be 
controlled, performing the desired opera- 
tion, and indicating that an operation has 
taken place. The latter function is per- 
formed whether the operation is initiated 
through the supervisory system or not. 

In this system, a group of units to be 
controlled is assigned a group number. 
Individual units within the group-are as- 
signed point numbers. These numbers 


Figure 1. Funda- 

mental supervisory- 

control impulsing cir- 

cuits for carrier oper- 
ation 

A (above). External 
stepping 

B (right). Internal 
stepping 
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“represent the number of impulses in the ‘ 


two series of impulses which must be sent 


_ from’ the dispatching point to select the 
_ group and point desired. Selection is ac- — 


complished by a system somewhat similar 
to an all-relay automatic- ‘telephone sys- 
tem, with the following two main excep 
tions: 


1. The operator does not operate a tele- 
phone dial to select the remote unit he de- 
sires to control. 
corresponding selection button on the opera- 
tor’s control board, and the operator merely 
depresses the proper button momentarily. 


The proper group and point selection im- 


pulses are sent automatically. 


2. After each set of impulges is sent, the re- 
ceiving equipment at the remote location 
must send back the same number of im- 
pulses before operation can proceed. This 
provides a positive check at each step of 
the sequence of operation. 


For a complete control operation, the 


operator presses a point-selection button. 


The dispatching equipment automatically 
sends a series of impulses corresponding _ 


to the desired group number. The super- 
visory equipment at the remote station 
sends back a series of impulses called the 
group check code, indicating that correct 
group selection has been made. Recep- 
tion of the group check code at the con- 
trolling point causes the point selection 
code to besent. This code also is repeated 
by the receiving equipment, and the re- 
ception of this point check code at the 
controlling point lights an indicating lamp 
to signify that the desired unit has been 
selected and that the remote supervisory 
equipment is ready to perform a control- 
ling function on that unit. The operator 


then turns a two-position twist key to the - 


desired operation, for example, to “‘trip”’ 
if a circuit breaker is being controlled. 
This lights a “disagreement” lamp, in- 
dicating that the condition of the con- 
trolled equipment does not correspond to 
that indicated by the position of the twist 
key. The operator then presses momen- 
tarily another button, which causes his 
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Figure 2. Block diagram showing essential 

components for combination of point-to-point 

‘two-frequency duplex carrier communication 
_ with single-station supervisory control 


supervisory equipment to send a third 


series of impulses. These impulses, when 
received at the remote station, cause the 
supervisory equipment to close the neces- 

_ sary circuits to perform the desired opera- 
tion. Operation of the controlled equip- 
ment in the desired manner then causes 
the remote supervisory apparatus to send 

back the “‘supervision’”’ code. Reception 
of this code at the controlling point 
changes the indication of the red and 
green position-indicating lamps and ex- 
tinguishes the disagreement lamp. The 
supervisory equipment at the controlling 
point then automatically sends a long im- 
pulse which resets the entire supervisory 
system to normal, 

Operation of the supervisory system to 
indicate an automatic operation of con- 
trolled equipment at a remote point is 
somewhat similar, except that group- and 
point-selection codes automatically are 
initiated from the remote point and 
checked back from the dispatching point. 
Reception of the supervision code at the 
dispatching point, after group and point 
selection have been made and checked, 
rings an alarm bell, lights an alarm lamp, 
changes the indication of the position- 
indicating lamps, and lights a disagree- 
ment lamp to indicate that the position of 
the remote unit differs from that indicated 
by the twist key. The dispatching equip- 
ment then sends a long resetting impulse, 
as before. 

It is not possible to show here all the 
details of the supervisory system. How- 
ever, the fundamental impulsing circuits 
for carrier operation are given in Figure 1 
to show how impulses are generated. Im- 
pulsing through the carrier set is shown in 
Figure 1A. When the push button is 
pressed momentarily, relay 6 closes and 
seals itself in, closing the circuit to time- 
delay relay 5 through the back contact of 
the receiver relay RR. Relay 5 closes, 
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starting the carrier transmitter. Recep- 
tion of the transmitter by the local re- 
ceiver causes relay RR to operate, opening 
the circuit to relay 5. After a slight time 
delay, relay 5 releases. This cycle of 
operation constitutes one impulse. Im- 
pulsing continues automatically until 
proper number of impulses for the desired 
group are sent, whereupon counting re- 
lays open the circuit to relay 6 through 
contacts not shown. This stops impulsing 
and prepares the equipment for reception 
of the check-back code. This type of im- 
pulsing is called external stepping. 

It is possible in some cases to operate 
the receiver relay directly from the carrier 
power source by placing an additional 
contact of relay 5, in series-with a suitable 
dropping resistor, across the plate circuit 
of the receiver detector. Impulsing then 
can take place, even though the trans- 
mitted signal is not received locally. This 
is called internal stepping. 


Channel Requirements of 
Supervisory-Control Systems 


The rate of impulsing of the supervisory 
equipment is from 9 to 14 impulses per 
second, comparable to the speed of impul- 
sing of a telephone dial. Thisrate of im- 


, pulsing is considerably higher than the 


highest rate of any standard impulse tele- 
metering system. The fastest such sys- 
tem in use at the present time has a maxi- 
mum impulse rate of approximately 3.5 
per second. In animpulse-rate telemeter- 
ing system, it is necessary only that the 
channel preserve the rate of impulsing. 
The relative duration of the ‘‘on” and 
“off’’ periods is not important. 

In the supervisory-control system the 
duration of the ‘‘on’”’ period is approxi- 
mately twice that of the ‘‘off’’ period. 
This relation must be preserved in order to 
allow proper sequential relay operations, 
some of which occur during the ‘‘on” 
period and some of which occur during the 
“off” period of the impulse cycle. 

The high impulsing speed of the super- 
visory system and the requirement that 
the relative duration of the ‘‘on’”’ and 
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combine eta control with 
phonecommunication, with suita le 
to prevent interférence between the 
functions. The filters are inserted into 
speech circuits and eliminate the super 
visory tone frequency from the Speech 


There are two types of Visicode super- 
visory control, one in which all the equip- 
ment to be controlled is located at a single q 
point, and one in which the equipment is ; 
in several groups at different locations. — 
These two types are referred to as the 
single-station and multistation systems, — 
respectively. i 

A fundamental requirement of the 4 
multistation system is that a control or — 
supervision function in progress between — 
the dispatching office and a controlled sta- i 
tion should not be interferedwith bysuper- — 
visory signals from other controlled sta-_ 
tions. This requirement is met by assign- — 
ing different group codes to each station 
and arranging each station so that recep- _ 
tion of a group code not associated with it ~ 
locks out the supervisory equipment at — 
that station. Initiation of a supervisory — 
function by any station is prevented be- 
fore completion of the first impulse of a_ 
received group-selection code, which is the 
first series of impulses transmitted for 
either a control or supervision function. — 
Complete lockout is effected at the end of 
this series of impulses. After complete 
lockout, stations not involved in the fune- 
tion in progress can neither send nor re- © 
spond to supervisory impulses until the 
reset signal is received. Any automatic 
operations of equipment that occur while ~ 
a supervisory function is in progress are © 
reported as soon as the channel is cleared 
by the reset signal. 

There is a possibility that two or more 
controlled stations will start transmitting 
almost simultaneously to report automatic 
operations. In such a case it is necessary 
that the impulses from all such stations be 
synchronized with each other, so that the 
dispatching office and other stations will 
receive a coherent code. The actual code 
received by the dispatching office in such 
a case will be the longest code of those 
being sent, and those stations which send 
shorter codes will be locked out by the 
extra impulses. When the channel is 
cleared by the reset signal, they will again 
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_ station. In this way synchronism of im- 
_ pulses is assured, because the impulsing of 
any station is governed by impulses which 
may be sent simultaneously from other 
- stations. | 
In general, multistation ‘supervisory 
_ control can be combined only with other 
_ honcontinuous carrierfunctions. Continu- 
ous functions, such as telemetering and 
_ load control, are excluded by the require- 
ment that all ‘Stations receive all Signals. 
Transmission of a continuous carrier from 
any station would prevent that station 
from receiving supervisory signals in a 
| single-frequency system and might pre- 
vent other stations from receiving them 
_ in a two- ‘frequency system. 
When supervisory control is combined 
_ with communication on a multistation 
channel, the system must be arranged so 
that when one function is in progress it 
- locks the other out. Communication 
_ must be locked out at all stations by the 
_ first supervisory impulse from any station. 
a Lockout must continue until the super- 
_visory operation is completed. Further- 
= “more, the supervisory system at all sta- 
tions must be locked out by communica- 


on the channel for ringing until the chan- 
nel is released. 

For single-station supervisory systems 
on point-to-point carrier channels, the re- 

_ quirements are somewhat less strict than 

for multistation systems, and the number 

of possible combinations is greater. In- 

ternal stepping can be used in single- 

station systems, and it is necessary only 

_ that a signal transmitted from one station 

- be received at the other station. It is not 

_ essential that the transmitting station re- 
_ceive its own signals. . 

When supervisory control is operated 
over a carrier channel provided for its ex- 
clusive use, external impulsing with an 
unmodulated carrier signal normally is 
used. For this type of operation the 
transmitters and receivers at all locations 
operate on the same frequency, and all 
stations receive each other. Modifications 
of this arrangement must be made in some 
cases in order to combine the supervisory 

system with other functions. 


ey 


‘ 


Combination of Single-Station 
Supervisory Control With Other 
Functions on Point-to-Point 
Carrier Channels 


1. Supervisory Control and Relaying. 
Carrier relaying normally is operated on 
an unmodulated carrier, with the carrier 
transmitter and receiver at each terminal 
set at the same frequency; thus all car- 
rier signals from either station are re- 
ceived at both stations. It is possible to 
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on such a carrier channel without making 
any fundamental changes in either the 
carrier equipment or the relaying equip- 
ment. Since the channel issued for relay- 
ing only during fault conditions, it is 
normally free for use by the supervisory 
system, The relaying circuits must be 

; arranged to take preference over any 
supervisory operation which may be in 
progress when a fault occurs. 

This arrangement provides a simple 
method of combining relaying and super- 
visory control. However, the two func- 
tions are not entirely independent. The 
fact that both the relaying and the super- 
visory-control systems operate on straight 
carrier means that all relaying impulses 
are received by the supervisory equip- 
ment. Ifthe supervisory system is at rest 
when the relaying equipment operates, it 
will be stepped off normal, making it 
necessary for the operator to reset it 
after each relaying operation. Likewise, 
if an automatic operation is being reported 
by the supervisory system when the relay- 
ing system operates, the supervisory sig- 
nal will not be completed, and the opera- 
tor must reset the equipment before the 
automatic operation can be reported. 
Starting of the carrier transmitter at 
either station for testing also must be 
followed by resetting of the supervisory 
equipment. 

2. Supervisory Control and Communi- 
cation. Supervisory control can be 
combined with communication of either 
the single-frequency push-to-talk or the 
two-frequency duplex type. The simplest 
way to make this combination is to make 
the communication function a point on 
the supervisory system. A contact in the 
telephone hook switch takes the place of 
the point-selection key which normally 
appears on the operator’s supervisory- 
control board. Picking up of the tele- 
phone at either end sets the supervisory 
system into operation to select the corre- 
sponding telephone point at the other end 
of the channel. This rings the telephone 
bell at the other end. When the call is 
answered, circuits are set up through the 
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hook switches to lock out the ee 

equipment until the telephones are re- 
stored. This system requires no audio-— 
tone equipment but is suitable only for — 
applications where telephone extensions 


Standard two-frequency duplex carrier- 
communication assemblies use hybrid — 
coils to combine receiver-output and — 
transmitter-input circuits so that two-wire ~ 
telephone extensions can be used. Super- 
visory control can be combined with such — 

a system in such a way that the two sys- 

tems are completely independent. This 
can be done by operating the supervisory — 
system on an audio tone with tone-block- 
ing filters to eliminate the supervisory 
tone frequency from the speech on the ~ 
channel. A block diagram ofthisarrange- _ 
ment is shown in Figure 2. 

3. Supervisory Control and Telemeter- a 
ing. The combination of supervisory 
control with continuous telemetering re- 


' quires two carrier frequencies. The tele- 


metering equipment isoperated on an au- 

dio tone, modulating thecarrierfrequency, — 
and at the station where the telemetering ~_ 
impulses orginate the supervisory system 
also must operate on an audio tone. At 

the other station, the supervisory equip- _ 
ment can operate on unmodulated carrier.  __ 
This arrangement permits telemetering to 
continue during a supervisory operation. 

A number of different quantities can be 
telemetered continuously by using a dif- 
ferent tone frequency for each. 

The supervisory system itself can pro- 
vide telemetering of one quantity at a 
time for short periods without the use of 
audio tones. In this case each telemeter- 
ing function is made a point on the super- 
visory system and is selected by the opera- 
tor in the same way a point is selected for 
acontrol function. After the operator has 
taken the required readings, he must re- 
set the supervisory system so that auto- 
matic operations can be reported. This 


Figure 3. Combination of supervisory control 
with carrier relaying, communication, continu- 
ous telemetering, and load control 
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system, called selective telemetering, re- 


quires no audio tones in single-station — 


supervisory systems and can operate on a 
single-frequency channel. . 
4. Supervisory Control and Load Con- 

trol. . The system described for con- 

tinuous telemetering can be used for load 
- control. The channel requirements are 
very similar, except that load control is 

“necessarily a continuous function. 

5. Supervisory Control, Relaying, and 

Communication. A limited form of car- 
_ rier communication often is provided with 

carrier relaying equipment. Supervisory 

control best can be combined with these 
two functions by making the communica- 
- tion function a point on the supervisory 
system, as has been described for the com- 
_ bination of supervisory control with com- 

“munication only. With some relaying 

systems a two-frequency duplex arrange- 
ment can be used, although the single- 
frequency system usually is used with car- 
rier relaying. . 
6. Supervisory Control, Relaying, and 
Continuous Telemetering or Load Control. 
- The requirements for this combination are 
the same as those described for the com- 
bination of supervisory control with con- 
tinuous telemetering, that is, a separate 
carrier frequency must be used for trans- 
mission in each direction. This requires 

that the relaying system be capable. of 
operating on such a channel. 

7. Supervisory Control, Communica- 
tion, and Continuous Telemetering or Load 
Control. Two carrier frequencies are 
required for this combination. The tele- 
phone ringing function can be performed 
either through the supervisory system or 
by using a separate tone frequency for the 
purpose. If the supervisory system is 
used for ringing, audio-tone transmitters 
are required for the supervisory system at 
the station at which telemetering and 
load-control impulses originate but not at 


Figure 4. Maultistation communication and 
supervisory control, with communication 


through a point on the supervisory-control 
system 
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the other station. Tone transmitters are 


required also for the telemetering or load- ~ 
control function. Ifaseparate audiotone wot 


is used for ringing, the supervisory system 
requires a separate tone transmitter and 
receiver at each station, regardless of the 
requirements imposed by the transmission 
of continuous telemetering and load- 


control impulses. In all cases, high-pass — 


filters must be used to eliminate from the 
channel those voice frequencies which 
would interfere with the proper operation 
of the functions which use audio tones. 

8. Supervisory Control, Relaying, Com- 
munication, and Continuous Telemetering 
or Load Control. The requirements for 
this combination are the same as those 
described for combination 7, with the 
additional requirement that the relaying 
system be capable of operating on a two- 


_ frequency channel. The relaying system, 


of course, must be arranged so that it can 
take control of the carrier from all other 
functions when a fault occurs. 

This combination includes all the func- 
tions that have been considered. The 
block diagram of Figure 3 shows all the 
important components required to per- 
form these functions with a single carrier 
transmitter and receiver at each terminal. 


Combination of Multistation 
Supervisory Control With Other 
Functions 


It has been pointed out that it is not 


possible to have continuous telemetering — 


or load control in combination with multi- 
station supervisory control on a single 
catrier channel. Certain considerations 
also make it inadvisable to consider the 
combination of multistation supervisory 
control with relaying on consecutive 
relaying channels. A separate carrier 
channel is required for each line section 
for carrier relaying, in order to prevent the 
possibility of false blocking of relaying 
signals. This means that any combina- 
tion of supervisory control with relaying, 
in which the supervisory system extends 
beyond the line section protected by the 
relaying channel, requires the use of 
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carrier channel for 
system. It would be | 
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for both the’ relaying supervisor 

transmitters and receivers at each sta-— 

tion. } : P42 oe 
1. Single-Frequency Communication 


Through a Point of the Supervisory System. — 
Push-to-talk communication between the — 
controlling or dispatching. office and any 
controlled station on the supervisory 
system can be obtained by using a point — 
on the supervisory system to provide se-_ 
lective ringing to each controlled station, — 
and from controlled stations to the dis 
patching office. Since the supervisory- — 
control system is intended only for selec- _ 
tive functions between the dispatching 
office and controlled stations, and not 
between controlled stations, this system _ 
is limited to communication between the _ 
dispatching office and controlled stations 7 
only. Controlled stations cannot com- — 
municate with each other. This is no 
disadvantage, because the controlled 
stations of a supervisory system normally 
are unattended, and there would be no 
necessity for establishing communica- 
tion other than that provided between 
the dispatching office and a controlled — 
station. ; 

In this system, the use of the super- 
visory equipment to perform the com- 
munication functions assurés that the 
supervisory equipment is locked out at 
all stations until the conversation is com- 
pleted. 

The main components of this system 
are shown in the block diagram of Figure 
4. A tone transmitter is used at the dis- _ 
patching office for transmitting the reset 
signal. The usual method of resetting 
the supervisory system is the transmis- 
sion of a long carrier impulse. This 
method cannot be used in a multistation 
system with communication because the 
placing of carrier in the channel for com- 
munication would be recognized by the 
supervisory equipment at all stations as a 
resetting impulse. The use of a tone to 
modulate the carrier for resetting pro- 
vides a means of discrimination between 
a reset signal and carrier placed on the 
channel for communication. The tone- 
blocking filters are used to eliminate the 
resetting tone frequency from the speech 
before it is placed on the channel. 

To call any one of the remote stations 
from the dispatching office, the operator 
picks up the telephone handset and oper- 
ates the telephone selection key for the 
station to be called. The supervisory 
system transmits the group-selection 
code, which is returned by the remote 
station. The point-selection code is then 
transmitted from the dispatching office. 
Reception of this code at the called sta- 
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tion circuits. 
'When the telephones are restored at 
the conclusion of the conversation, the 
resetting tone automatically is trans- 
_ mitted to reset the entire system to nor- 


Any automatic operations that 


have taken place at any point on the 
_ system during conversation then will be 
_ reported. 


“4 


Communication is established in a simi- 


$, lar manner from controlled stations. 


These stations communicate only with 


_ the dispatching office, and individual se- 
| lection keys for calling are unnecessary. 
i: The telephone hook switch can be used to 
initiate operation of the supervisory 


eo 


. codes at the dispatching office rings the 


‘system to call the dispatching office. Re- 


ception of the group- and point-selection 


telephone bell. When the operator picks 
up his handset, the point check code is 


_ transmitted, establishing the push-to-talk 


sf 
r 


circuits at both stations. Resetting at the 


end of conversation is accomplished as 
before. 


7 


It is possible to obtain selective tele- 
metering with this system without addi- 
tional carrier equipment. The telemeter- 
ing impulses are transmitted by unmodu- 
lated carrier, and resetting is accom- 
plished by a modulated carrier impulse as 
before. 

2. Two-Frequency Duplex Communica- 
tion Through a Point of the Supervisory 
System. A two-frequency duplex form 
of communication can be obtained with a 
system very similar to that described 
under item 1. The equipment required is 
the same as that shown in Figure 4. The 
limitations given with regard to com- 
munication among controlled stations 
apply also to this system. In this case, 
the dispatching-office transmitter oper- 
ates on a frequency F,, which is received 
at all controlled stations. Internal step- 
ping is used at the dispatching office. 
All controlled statiotts transmit on a 
second frequency 2, which is received 
at the dispatching office. The requir- 
ment that all stations receive all signals 
is met by allowing the receiver at the dis- 


- patching office to key the dispatching- 


office transmitter; thus a signal sent from 
any controlled station is received at all 
stations, and external stepping can be 
used at the controlled stations. The pro- 
cedure for establishing communication is 
the same as for the single-frequency sys- 
tem. 

3. Semi-Independent. Supervisory-Con- 
trol and Two-Frequency Duplex Communt- 
cation. The systems described under 
items 1 and 2 provide the combination of 
communication and supervisory control 
with a minimum of equipment. These 
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Figure 5. Semi-independent multistation 
supervisory-control and two-frequency duplex 
communication 


systems are subject to the limitation that 
telephone extensions must consist of a 
number of conductors and be continuous 
metallic circuits. This limits the length 
of the extensions that can be used. It is 
occasionally desirable to use long two- 
wire telephone extensions, and such ex- 
tensions may include insulating trans- 
formers which would interrupt d-c control 
paths. 

The block diagram of Figure 5 shows 
the component parts necessary to com- 
bine supervisory control with a standard 
two-frequency duplex carrier communica- 
tion assembly to provide semi-independ- 
ent operation of the communication and 
supervisory systems. Two-wire telephone 
extensions are used. This system, like the 
others described, provides for communi- 
cation between controlled stations. and 
the dispatching station only, and not for 
communication among controlled sta- 
tions. 

The system is arranged so that the use 
of the carrier assembly for communica- 
tion locks out the supervisory system at all 
stations, and vice versa. The supervisory 
system operates on an audio tone, which 
is received from a controlled station on 
frequency /, at the dispatching station 
and retransmitted on frequency F, to 
other stations on the system. Tone filters 
remove the supervisory-tone frequency 
from the voice frequencies transmitted. 

When carrier is placed on the channel on 
either frequency for telephone ringing and 
subsequent communication, a relay at 
each location prevents the supervisory 
equipment from starting. Lockout con- 
tinues until communication is completed. 
On the other hand, reception of the first 
supervisory impulse at all stations opens 
the telephone extension circuits to lock 
out all communication until the super- 
visory operation is completed. 
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The addition of selective telemetering 


to this system requires the use of a sepa- _ 


rate tone transmitter at the dispatching 
office and a separate tone receiver at each 
controlled station for resetting. ; 

4. Multistation Single-Frequency Com- 
In 
automatic simplex carrier-communica- 
tion assemblies, the receiver is blocked 


during periods when the transmitter isin 


operation. The fundamental require- 
ment that external stepping be used in 
multistation supervisory-control systems 
makes it necessary to provide an addi- 


tional carrier receiver at each station for 


the use of the supervisory equipment 
when this type of communication is com- 
bined with supervisory control. A tone 
transmitter and receiver are required for 
the operation of the supervisory system at 
each station in order to provide discrimi- 
nation between carrier placed on the 
channel for communication and that 
placed on the channel for supervisory | 
control. The use of tone equipment re-_ 
quires that tone-blocking filters be used 
in all speech circuits to prevent speech 
frequencies from impulsing the super- 
visory system. 

With the equipment described, a com- 
bined system could be provided in which 
the presence of a carrier signal on the 
channel for communication purposes 
would lock out the supervisory system at 
all stations until the carrier is removed 
after a pause in speech. The system 
would have to be arranged so that when 


the supervisory equipment begins to ~ 


transmit impulses, communication » is 
locked out at all stations until the super- 
visory function is completed. The latter 
requirement would make it necessary to 
provide special means to lock out com- 


munication at all stations on the com- 


munication system that are not part of 
the supervisory system. 

In general, automatic simplex com- 
munication equipment is intended for 
high-quality communication, and it is un- 


. desirable to modify the audio channels in 
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an equipment by the addition of tone- 
blocking 


filters. Furthermore, 
amount of additional equipment pomuied 
to adapt the system to combined super- 
visory control and communication in 
most cases would make it more economi- 
cal to provide a separate single-frequency 


carrier channel for the supervisory-con- 


trol system. 
Similar considerations apply to the 
combination of semi-independent single- 


_ frequency manual simplex communication 
_ with multistation supervisory control, ex- 


cept that in such communication assem- 


_blies the receiver is not always disabled 


during transmission. 
In both the automatic and the manual 


simplex systems, the locking out of the 


supervisory equipment would depend 
upon the presence on the channel of a 


carrier not modulated by the supervisory 


tone. At each pause in conversation this 


~catrier would be removed, unlocking the 


supervisory control until transmission is 


_ resumed for communication. The possi- 


bility would exist that the supervisory 


. system at one station would start trans- 


mitting at the same time that another 


station places carrier onthechannel during 
communication. The latter station would 
not receive the supervisory impulses 
under these circumstances and might 
prevent proper reception of the impulses 
at one ot more other stations. The su-. 
pervisory equipment at some stations 
would not be locked out by the first group 
code under these conditions, a funda- 
mental requirement for multistation op- 
eration. 

Consideration has been given to means 


-_ of locking out the supervisory equipment 


at all stations continuously during an 
entire communication period, irrespective 
of the presence of carrier on the channel. 
However, the amount of equipment in- 


‘volved in such schemes is considerable, 


and the arrangements are complicated. 

These considerations lead to the general 
conclusion that, although multistation 
simplex communication and supervisory 
control can be combined in a single chan- 
nel, it is advisable to use separate chan- 
nels for these functions with joint use of 
coupling equipment only. 


Conclusions 


Single-station supervisory-control sys- 
tems on point-to-point carrier channels 
can be combined in almost any desired 
combination with relaying, telemetering, 
load control, or communication. Inter- 
nal stepping of the supervisory system 
can be used. Two-frequency carrier 
channels are required for the combina- 
tion of supervisory control with continu- 
ous functions, such as telemetering or 
load control. 

In multistation supervisory control 


- systems, all stations must receive all sig- 


nals, and external stepping of the super- 
visory system is required at all controlled 
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POWER-LINE carrier channelas the 
link between the transmitter and re- 
ceiver of a carrier system, determines, by 
its losses, the power requirements of the 
transmitter and the sensitivity of the 
receiver. 
An understanding of the operation of 
carrier channels and an approach to the 
calculation of losses to be expected were 


- set forth early in the application of carrier 


currents to power lines. However, ex- 
perience with power-line carrier installa- 


tions has added much to our knowledge of. 


actual line losses. Likewise, the methods 
used to apply carrier to the lines follow 
uniform practice, and the devices em- 
ployed are reliable in performance. The 
losses introduced by their use are well un- 
derstood. 

As the art progresses, new applications 
are made, involving factors not previously 
of importance. Practical experience 
gained in these applications supplement 
the initial calculations, but the calcula- 
tions must come first, and both theory 
and empirical data are of importance. 

At the present time a stimulus has been 
given power-line carrier activities by the 
introduction of audio-frequency tones for 
extended use of a single-channel fre- 
quency. modulation as a means of limit- 
ing effects of interference, and single-side- 
band transmission as a method of in- 
creasing the number of useful channels. 
Channels will be established on lower- 
voltage lines to an increasing extent.!-?.8 

In the interest of a better understand- 
ing of the factors which must be con- 
sidered in the extension of power-line 
carrier applications, the following dis- 
cussion of theoretical and practical ex- 
perience is offered. 


High-Frequency Transmission- 
System Losses 


The transmission lines of a power sys- 
tem become high-frequency transmission 
lines when power-line carrier is applied to 
them. Factors which are not a considera- 
tion at power frequencies become im- 


stations. Continuous carrier functions 
cannot be combined with supervisory 
control on single-frequency carrier chan- 
nels. Certain combinations of multista- 
tion supervisory control with relaying and 
communication equipment are not prac- 
tical, for reasons that have been given. 
Methods of combining multistation super- 
visory control and certain types of com- 
munication in practical systems have been 
described. 
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to be designed. are 


quencies 3 if an setrey ioe 
Transmission losses are propor 
Hance EDs That: is, the receive 


fractions expressing Are aes | 
characteristics of the various components — 
in the circuit. If the logarithm of these | 
fractions, based on the ratio of power in to — 
power out, is used instead of the actual — 
ratio itself, these logarithms may be by 
added to obtain a logarithm representing | 
totalloss. This is a convenience, because 
the addition of these figures is simpler ; | 
than the multiplication of loss ratios. 
The decibel is the unit used in these-cal- ' 
culations and is auc expitsced as 


follows: ey re { 
12 1 : ‘ 3 
db =10 logip — 
P; = z 
where 


db =decibels loss (attenuation) 
P,=power into a device 
P:=power out of a device 


If the loss encountered in each series — 
device of a transmission system is ex- 
pressed in decibels, then the total loss in — 
decibels is the sum of the losses in deci- 
bels. Therefore, if it is known that a 
transmitter-receiver combination works 
successfully through an attenuation of a — 
specific number of decibels, the system 
will be workable if the total losses en- 
countered are less than this value. As 
the transmitter power is increased, the 
number of decibels that it will work 
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through, with a given receiver, increases. 


Likewise, as receiver sensitivity is in- 


‘practical use are not numerous. 


creased, the attenuation through which 


it will operate successfully with a given 


transmitter increases. , 

Obviously there are economical limits 
of transmitter size and limits on inter- 
~ference-free receiver sensitivity. Thus 
transmitter-receiver combinations in 
The 
lower-powered combinations are designed 
to operate through losses up to 30 decibels, 
and the more elaborate equipment is 
rated correspondingly higher. 


‘High-Fre quency Transmission Lines 


A transmission line for high frequency 
can be considered ideally as an infinitely 
long pair of equally spaced wires of the 
same diameter throughout, supported in 


free space without inductive or capacitive 


coupling to other circuits. Lines of this 
type have been treated mathematically 


‘on the basis that they are composed 


(Figure 4) of an infinite number of resis- 


‘tors and inductors in series and having an 


infinite number of capacitors and resistors 


shunting the lines at equally spaced points 


along the lines.4 


Several important concepts are derived 
from this treatment. One is that an in- 
finitely long transmission line, because 
it cannot reflect energy back toward the 
transmitting end, displays a character- 
istic impedance that is a function of the 
resistance, inductance, leakage, and ca- 
pacitance of aunitlength. Quantitatively 
this impedance is as follows: 


where 


R=ohms resistance per unit length 

L=henrys inductance per unit length 

G=tmbhos conductance of leakage per unit 
length 

C=farads capacity per unit length 

w =2rf where f is frequency in cycles 


Now if the transmission-line conductors 
are severed at a finite distance from the 
sending end, the impedance displayed by 
the remaining infinite section is still the 
characteristic impedance of the line. It 
follows then that if we terminate a finite 
length of transmission line with an im- 
pedance equal to the characteristic im- 


-pedance of the line, then no reflections 


will be received at the sending end, since 
this was the case when the finite section 
was terminated with the infinite line. 
This is another important concept em- 
ployed in power-line carrier systems. The 
impedance of the receiving system must 
be equal to the characteristic impedance 
of the line if the sending end is to be free 
of received reflections. 

It is an interesting commentary at this 
point to note that the transmitter internal 
impedance, as viewed from the 
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Figure 1 (left). 


Terminal equipment for two single-line-to-ground power-line carrier channels 


on a 69-ky line 


Figure 3 (right). 


A single-phase suspension-mounting by-pass unit for bridging an’ auto- 


transformer in a line 


through the transmitter output trans- 
former is also related, in best practice, to 
the characteristic impedance of the line 
although for a different reason. The 
transmitter operates most efficiently from 
the standpoint of high carrier output and 
low harmonic output when its internal 
impedance and its load impedance are 
properly proportioned. A ratio of load 
impedance to tube impedance of 2 to 1 


IPs 


Eas 


a 


led ba. YA 
AT? 


y 


was shown by Hanna, Sutherland, and 
Upp, as being most efficient for triodes, 
whereas Pidgeon shows that ratios of 
1 to 3 to 1 to 10 are common practice for 
pentodes.®:6 

Since the R and G terms in the formulas 
for characteristic impedance are negligible 
in Open-construction power lines, because 
the resistance and leakage are low com- 
pared to the reactance components, the 


Figure 2: Terminal equipment on a 154-kyv line 


The two outer phases are used for communication operating line to line, and the inner 
phase is part of a line-to-ground relaying channel 
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formula for eae impedance 


simplified into 


feo 2D 
Zo= 45-276 logie 


‘where D is the distance between con- 


ductors, and d is the diameter of the con- 
ductor.’ 

Ordinary © high-voltage transmission 
lines display characteristic impedances of 


~ 800 to 850 ohms for line-to-line channels 


and about 500 ohms for line-to-ground 
channels. Power cable will display an 
impedance in the order of 25 ohms. Even 


- lower impedances are encountered in some 


special carrier installations, such as train 
communication, where track to ground 
leakage is high, and impedances in the 
order of 3.5 to 7 ohms are experienced.® 
It long has been standard practice to 
isolate spur lines by series line traps to 
prevent attenuation due to reflections re- 
ceived from the end of the spur line. 
Therefore, an attempt is made to 
terminate each carrier channel in the 


characteristic impedance of the line, and: 


on spur lines where it is not possible to do 
so the line is isolated. 

While this may appear to be an ideal 
treatment, it is approached in practice on 
relaying channels which extend from only 
one end of a transmission-line section to 
another. Channels used for communica- 
tion, telemetering, and supervisory con- 
trol, however, may be carried through a 
considerable network and have many 
terminals. Such systems often cannot be 
made free of reflections, but all frequen- 
cies of transmission are not affected alike, 
and a selection can: be made of a fre- 
quency least affected by reflection losses. 
System switching operations which alter 
the carrier channels also must be con- 
sidered in the study of system arrange- 
ment when the optimum frequency is 
being selected. Further, undesired paths 
through parallel lines and into spur lines 
should be eliminated by putting line 
traps in series with such lines. 


The Attenuation of Carrier 
Frequencies in Transmission 
Lines 


A further study of the infinite trans- 
mission line reveals that carrier current 
which is applied at the transmitting end 
of the line changes in both phase and 
magnitude as it progresses along the line. 

The change in magnitude is expressed: 


I» =J,\6 %X 


where J; is the sending-end current, Jo is 
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gram of the in ¥- 


finite line | 


the current at a point X distance in miles" 


from the sending end, and a is the attenu- 
ation constant. 

The phase position is shifted backwards 
as the distance from the sending end in- 
creases. The position is given de the 
equation: - 


I =I 78 


where # is the wave-length constant. It 
is the number of radians per mile which 
the current vector is shifted backwards. 
These may be combined to BNE the com- 
plete expression: 


Ina he X +90) = Tye"? 

and, since the characteristic impedance is 
a pure resistance, the voltages may be 
expressed as 


E,= Eye *(0+46) = Bye?” 

where F; is the sending-end voltage, EZ» is 
the voltage at a point X miles from the 
sending end, and P is the propagation 
constant which is equal to (a+ 8). 
Figure 5 is a graphical representation of 
conditions along a transmission line carry- 
ing a high-frequency current. 

Of particular interest in estimating the 
expected losses due to line attenuation is 
the attenuation constant, a. Its more 
complete form is simplified for the trans- 
mission-line case when leakage is con- 
sidered negligible compared to resistance 
and both leakage and resistance are con- 


sidered negligible compared to reactance. 


It then becomes: 


ReeR \ C 

OS OA 
The resistance R is the resistance of the 
transmission-line conductor at carrier 
frequencies. Its determination is difficult 
because of many factors which must be 
considered: in skin-effect calculations. 
The case of solid and tubular conductors 
has been well studied, and reliable for- 


Figure 5. Diagram show- 

ing the phase and mag- 

nitude of potential at various 
points along a line 
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_of strands, that all have an effe ye on high 


that with weathered conductors. 


am rt 


many factors, such as s number | and | 


frequency resistance. Caton 
solid conductors about which 
effect literature has been most concerned 
is the exception rather than the rule i 
transmission-line construction, ands eid 


the formulas offered do not-apply i in many y 


cases. Experience with concentric 
stranded cable has shown that new cable 
with bright conductors shows a definitely 
lower high-frequency resistance ne I 
Te ha 
been suggested that in the first case the 
current travels from conductor to con- 
ductor. in a direction parallel to the axis 
of the conductor and in the latter case 
must spiral around the axis of the cable, | 
following the convolutions of the outer 


conductors, since corrosion prevents pas- 


sage from one conductor to another.” 
Literature dealing with power-line car= 
rier attenuation has repeatedly indicated 
that attenuation experienced on lines has 
been in excess of the calculated attenua- 
tion. Boddie and Curtis stated that 
measurements on a number of lines in- 
dicated that the actual line resistance was 
about 250 per cent of the calculated value. 
Their calculations assumed that stranded 
conductors were equivalent to solid con- 
ductors of the same copper cross section. 
Likewise, Laughlin, Pakala, and Reagan 
reported losses on the Boulder Dam lines 
of five times calculated losses.1! The 
latter reference used the formula for 
tubular conductors in determining the 
high-frequency resistance of the line con- 
ductors. Actually the Boulder Dam con- 
ductors are tubes made of flat interlock- 
ing segments spiraled along the axis of 
the conductor. Some variation from the 
tubular-conductor formula results should 
be expected in this. case; however, it 
seems doubtful that the entire discrep- 
ancy between calculated loss and actual 
loss was due to an error in the determina- 
tion of conductor resistance. The au- 


thors point to the possibility of losses in 
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iy pie ment, since these losses at both the trans- 


t te the attenuation to be ex- 
ed on ordinary lines. One simple 


line carrier in the 50- to 150- kilocycle 


‘Tange on Itnes of 34.5 kv and above is as 
follows: 


a per mile =2(0. 01+ (ke x10) ] 


where ke is the frequency in kilocycles 
and k is a multiplying factor of 1.6 for 
line-to- ground coupling and 1.3 for line- 
gto line coupling. This expression will pre- 
dict higher losses than will be encountered 
in most instances and thus afford a factor 
of safety in its use. Rives offers curves 
for attenuation in the range from. 30 to 
200 kilocycles.1? 
Although it was pointed out that the 
est practice dictates terminating a line 
in its characteristic impedance to prevent 
‘teflections, the complex nature of the re- 
ceiver circuit impedances makes it diffi- 
cult to be assured that a line is so termi- 
nated. Consequently, attenuation curves 
‘tun on actual installations will not show a 
‘smooth variation in attenuation with 
frequency. 


« 


‘Coupling Losses _ 


_ The carrier energy in flowing from the 
transmitter terminals to the power line 
encounters losses in the coaxial cable, 
coupling capacitor, and line-tuning units, 
and upon arrival on the line is offered a 
shunt path through the line trap to a 
return circuit of widely varying char- 
acteristics. It is, therefore, of interest to 
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Figure’6. Impedance at resonance for typical 


single-frequency line traps 


Double-frequency tuning reduces the peak 

impedance about 50 per cent. Values taken 

from this curve are used directly with either 

the single- or double-frequency impedance 

curves of Figure 7. Type P-400 is 400- 

ampere size, and type P-800 is 800-ampere 
size 
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mitting and receiving end must be added 


to the line losses. 
The line-tuning unit Bak coupling © 


capacitor are adjusted on installation to 


_ be resonant with each other at the oper- 


ating frequency. Therefore, the losses in 
the line-tuning unit are related to the ca- 
pacitance value of the coupling capacitor, 
because this value determines how much 
inductance is required. If constant Q 
for the line-tuning unit is assumed, the 
coil losses are proportional to its in- 
ductance. In the range from 15 to 345 


_ kv, the capacitive reactance of standard 


coupling capacitors varies from 320 to 
4,250 ohms at 50 kilocycles, and corre- 
spondingly less at the higher frequencies. 
Table I shows the approximate total re- 
sistive component of standard-size cou- 


pling capacitors and their resonating in- 


S7E-7 


IMPEDANCE 
SINGLE FREQ. 
TUNING 


SN EEE 


100 

PHASE ANGLE 

SINGLE FREQ. 
TUNING 


PHASE ANGLE DEGREES 


a 
2 
a 
ES 
[a 
Lai 
ee 


IMPEDANCE \\ | 
DOUBLE FREQ. 
TUNING 


PHASE ANGLE! 
DOUBLE FREQ. 
TUNING 


96 98 100 io2 104 
PER CENT OF RESONANT FREQUENCY 
Figure 7. Resonance curves for typical line 
. traps 


ductances. The values of capacitor power 
factor and coil Q generally will differ in 
actual practice for a specific application 
from those used in the table. Therefore, 
the table should be used only for esti- 
mating purposes. 

The losses of the coil and capacitor add 
in this circuit to give a resistive com- 
ponent of about six per cent of the capaci- 
tive reactance; consequently, the equiva- 
lent series resistance for these two devices 
is between 20 ohms at 50 kilocycles for a 
15-kv capacitor and 320 ohms at 50 kilo- 
cycles for a 345-kv capacitor. 

Obviously; the losses will be negligible 
if the ratio of this resistive component to 
the characteristic impedance of the line is 
small, as it is in most cases. If the ratio 
does not exceed If to 5, the loss will be one 
decibel or less. However, coupling into a 
cable which has a low characteristic im- 
pedance, through a high-voltage capaci- 
tor, will introduce losses that must be 
taken into account. 

For example, in the case of a 69-kv 
coupling capacitor operating through a 
line tuner into a cable of 25°ohms char- 
acteristic impedance, the resistive com- 
ponent of the\ coupling capacitor and 
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Table |. 
Line Couplers or By-Pass Equipment - 
Capacitor Power Factor =4 Per Cent 

_ a 
Coil Q==-= On 
oi R 5 
R=X((Power Factor+1/Q) 
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tuner will be 70 ohms, and the losses will 


be six decibels. - 
By-Pass Equipment 


A by-pass unit is simply one or more 
coupling capacitors with their associated 
line-tuning units. 

If an autotransformer in a line must be 
by-passed, only one capacitor and line- 
tuning unit are required; however, if a 
breaker is to be by-passed, a coupling 


' .eapacitor and line-tuning unit on each 


side of the breaker are required with 
drain coils to ground at the interconnec- 
tion between the line-tuning units. The 
drain coil avoids power-frequency charg- 
ing current being put on a de-energized 
line. 

The losses will be the same as for an 
equivalent number of coupling capacitors 
and line-tuning units, and like coupling 
capacitors will be of added importance on 
lines of low characteristic impedance. 


Coaxial Transmission Lines 


Coaxial cable is used in many installa- 
tions as the means of carrying transmitter 
power through the switchyard to the line- 
tuning equipment and coupling capacitor. 
Likewise, it serves as a channel for the 
received signal coming into the receiver 
and as an interconnection between units 
of a by-pass arrangement. 

Such runs occasionally are in excess of 
1,000 feet but usually only a fraction of 
this. The cable losses increase with fre- 
quency. At 150 kilocycles the loss is 0.5 
decibel per 1,000 feet in the type of cable 
in ordinary use. 

The transformer equipment that is 
supplied by the manufacturers of power- 
line carrier equipment for matching into 
these cables is highly efficient and fully 
adjustable, so that the input to the cable 
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of Resonated Coupling-Capacitor Circuits 
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Figure 8. Losses in 400-ampere (type-P- 
400) and 800-ampere (type-P-800' single- 
frequency line traps when a line-to-ground 
carrier channel of 500 ohms characteristic 


impedance is short-circuited through line trap 


and output from it can be matched prop- 
erly to the cable characteristic imped- 
ance, and no loss is encountered from mis- 
match conditions. 


Power-Line Carrier-Line Traps 


The attenuation due to line traps varies 
with the type of trap, the method of tun- 
ing (single or double frequency), the rela- 
tion between the frequency being trans- 
mitted and the resonant frequency of the 
trap, and the conditions of the line be- 
yond the trap. 

The high-frequency current, after leav- 
ing the transmitter and the line-tuning 
unit, passes through the coupling ca- 


pacitor to the transmission line as shown in - 


Figure 8. The current is divided into 
two parts, one part continuing down the 
line toward the distant terminal and the 
other part passing through the line trap. 
In Figure 8 it is assumed that the line be- 
yond the trap has zero impedance. Ac- 
tually, the line beyond the trap can be 
any impedance from zero to nearly in- 
finity and canbe either resistive, capaci- 
tively reactive, or inductively reactive. 
The total reactance of the shunt path is 
the vector sum of the line-trap impedance 
and return-path impedance. 

The line trap being a parallel resonant 
circuit displays an impedance which is a 
complex quantity whose components vary 
with frequency. The peak impedance at 
resonance increases with frequency as 
shown in Figure 6. On either side of 
resonance the impedance drops off as 
shown in Figure 7. The phase angle of 
the impedance also is shown on Figure 7. 
The impedance of the trap is inductively 
reactive below resonance and capacitively 
reactive above. 

Consequently the sum of the line-trap 
impedance and the return-path imped- 
ance conceivably can be any combination 
of reactance and resistance within the 
limits of these two elements. It can be 
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conceived that the reactive comp Sarofe 
the line trap can resonate with an equal pu 
reactive component of opposite sign dis- 


played by the return circuit, thereby 
cancelling out the reactive components 
and leaving only the resistive compo- 
nents. If the line showed low resistance, 
this’ condition would produce a shunt 


path of low impedance with high attenua-— 


tion. While theoretically possible, it is 
unlikely that this condition will be ex- 
perienced in practice. 
condition where the return path is of zero 
impedance can be approached and for 
practical purposes may be considered as 
the extreme condition. 

The attenuation of the carrier signal 
by the shunt path through the line trap 
is shown in Figures 8 and 9. It will be 


‘seen that, as the carrier frequency de- 


parts from the resonant frequency of the 
trap, it suffers more attenuation. Like- 
wise, the double-frequency line traps do 
not offer so much impedance as the single- 
frequency traps, and therefore the attenu- 
ation is higher. The 400-ampere traps 
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Figure 9. Losses in 400-ampere (type- 

PDF-400) and 800-ampere (type PDF-800) 

double-frequency line traps when a line-to- 

ground carrier channel of 500 ohms charac- 

teristic impedance is short-circuited through 
line trap 


because of their higher impedance show 
less attenuation than the 800-ampere 
traps. 

These curves are based on the assump- 
tion that the transmitter is a constant- 
current generator, operating into a load 
impedance, consisting of the line trap in 
parallel with the 500-ohm characteristic 
impedance of the line. The power into 
the 500-ohm branch decreases as the im- 
pedance of the line trap decreases. The 
constant-current characteristic is ap- 
proached closely by a transmitter whose 
internal impedance is high compared to 
the load impedance, as-is the case with 
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ey 


ee receiving ane awl as the 
mitting end. In this case, the line 
current source, and the receiver can b 
assumed to be a 500-ohm load. parle 
by the line trap. 3 
_ It should be noted that these curves are 


poses may be epnsiderah as eautanee the | 
most attenuation. This ‘condition is of 
importance in carrier relaying, because 
the channel over which a blocking sign 
must be transmitted is paralleled by | 
path through the line trap and an ex- 

ternal fault. 


Conclusions 


1. Although the phenomena of high-fre-- 
quency transmission are understood, there 
_is still a lack of quantitative information on 
the high-frequency resistance of transmis— 
sion-line conductors and ground paths and 
the losses in the impedance introduced into 
a channel by coupling with other phase con- 
ductors. Power-line carrier-channel losses 
therefore are more reliably computed from 
formulas and curves based on empirical 
data, than from the basic formulas. 


2. Coupling capacitors, line-tuning units, 
and by-pass units normally are of such high 

efficiency in their operation that their losses 

may be neglected or appraised at some 

nominal low value in the order of one or two 

decibels. However, in special cases such as 

the operation into lines or cables of low 

characteristic impedance, consideration of 

losses in the coupling capacitor, line-tuning 

units, and by-pass units is required. 


3. Line traps ordinarily function with very 
little loss, but if the channel is short-cir- 
cuited beyond the line trap, the attenuation 
becomes appreciable and of increasing mag- 
nitude as the frequency departs from reso- 
nance. The attenuation for side . bands 
‘therefore is greater than for the carrier fre- 
quency. The calculation of losses through 
a line trap at a line terminal or spur line 
should be based on the condition that the 
channel is short-circuited beyond the trap. 
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on Temperature Rise 


eof Aircraft Transformers 
7 CWE oa eaten yay | MONTSINGER 
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HE PURPOSE of this paper is to pre- 
sent a method of calculating the 
effect of altitude on the temperature 
rise of various designs of aircraft trans- 
formers which are required to operate at 
eemely high altitudes. 

So far as is known the tests reported in 
Mr. Kiltie’s! paper are the first ones that 
have been made under conditions repre- 
senting such a wide range in altitude— 
up to 40,000 feet—on an actual trans- 
former. The fact that there is very close 
agreement between the calculated values 
and observed values lends confidence in 
our ability to calculate the effect of alti- 
tude on the temperature rise of other 
ypes of electric apparatus, provided, as 
pointed out later, that the percentages 
of the loss of heat by convection and by 
radiation at sea level are known. 

The effect of altitude on temperature 
rise of a simple piece of apparatus like a 
self-cooled transformer can vary as much 
as 2.5:1, depending on the per cent of the 
loss of heat by radiation (dependent on 
outside envelope of the cooling surface) 
and the loss by convection (dependent on 
the total developed area of cooling sur- 
faces), because only the loss by convec- 
tion is affected by altitude. It is for this 
reason that no two types of apparatus 
will be affected alike by altitude. 

The effect of altitude on transformers is 
of course least for one with a plain tank 
for which at sea level approximately 45 
per cent of the total loss is dissipated by 
convection and 55 per cent by radiation, 
and greatest where all loss of heat is by 
convection as from the inside of venti- 
lated windings of dry-type natural-draft 
transformers. 

As the aircraft transformer used for 
Mr. Kiltie’s tests had no ventilating duets 
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in the winding and whereas most, if not 
all, of the losses were dissipated to the air 
from the outside surface, it should follow 
quite closely the behavior of a plain-tank 
surface. This is particularly true of the 
outer coil, since the temperature’ rises 
reported were those of the outside surface. 

Figure 1 shows temperature rise ver- 
sus loss of heat by convection and by 
radiation as calculated by equations 
shown with Figure 1. The barometric 
pressures used for p were based on equa- 
tion 11 of reference 2. 

As a basis for selecting the tested tem- 
perature rises of the coils, it is believed 
that the average of the rises obtained 
with and without the Durel mounting 
plate should be used to compare with 
the calculated rises. There is not very 
much difference—the calculated rise be- 


ing slightly higher than the tested when 


the mounting plate was used and slightly 
lower when the plate was not used. 
Table I shows a comparison of the 
tested and calculated rises for the outer 
coil. The calculated: values were ob- 
tained by finding the total losses W, 
and W, from Figure 1 that correspond to 
the sea level temperature rise, and then 
finding by trial the temperature rise at 
the higher altitudes that gave the same 
total losses, the copper loss being cor- 
rected for the higher rise at the higher 
altitude. For example: for 150 degrees- 
centigrade rise at sea level, Figure 1-gives 
a total loss of W, and: W,=1.91 watts 


Table | 


Surface Temperature 
Rise of Outer Coil, 
Degrees Centigrade 


Altitude, Ratio of 
Feet Test* Calculated Copper Loss 
Sealevel....150 ...150 (base)... rede 
12/000" ws 161..6...161.5 1.03 
25,000 .. -172.5.. .173.0 .1.055 
40,000 .. ..189.5. -185.0 mat eG; 


*Average of coil rises with and without Durel 


mounting plate. 
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per square inch. For 25,000 feet the loss et 
is 1.91X1.055=2.02, A temperature rise 


of 173 degrees gives, by Figure 1, a total 
watts per square inch of 2.01.. 


There is some uncertainty astohowto 


calculate the temperature rise of the inner 
coil, since the internal temperature drop 
should not be affected by air density to 


the same extent as the outside surface 


rise over air is affected. Unless low air 
pressure affected the internal temperature 
drop, the increase in temperature rise of 


the inner coil should be approximately — 


the same number of degrees as found for 
the outer coil, since most of its loss was 
probably dissipated to the air from the 
outside surface of outer coil, some from 
the edges of the inner coil, and perhaps 
some by the core. 

In Table II are the tested and calcu- 
lated temperature rises of the inner coil 


based on the assumption that its rise was 


increased by altitude the same number of 
degrees as the outer coil was increased. 


Table IJ indicates that the internal’ 


Table Il 


Temperature Rise of Inner Coil, 
Degrees Centigrade 


: Sea- 
Altitude, Level Calcu- 
Feet Test* Test** lated 
Sea level....... 9G) Dicuss ters 196.5+ 0 =196.5 
12,000 .... ..209.5... ..196.5+11.5=208.0 
25,0002 i9- 0220. 196.5423 =219.5 
40,000 .. es Da ees 196.5+35 =231.5 


*Average of rises with and without Durel mounting 
plate. 


**Calculated temperature rise of outer coil over rise 
at sea level. 


CONVECTION £%3 


1.0 RS 2.0 25) 3.0 
Wc AND Wr —- WATTS PER SQUARE INCH BY 
CONVECTION AND BY RADIATION RESPECTIVELY- 


8-TEMPERATURE RISE — DEGREES CENT'GRADE 


Loss by convection and by 
radiation 


W.=1.4 X 1073 X 41-25 90-5 

p =relative air density to sea-level density 
W,=3.68 X10 e(To4— h4) 

e =0.95 (emissivity factor) 

Te =273+30+6 


Figure 1. 


T, =273+30-degrees-centigrade ambient 
temperature 
Altitude, 
feet:.Sea level. .12,000. .25,000. . 40,000 
Relative air 
density:......1.0..0.662. .0.425. .0,954 
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HE BASIC PRINCIPLE of differen- 
tial protection of electric equip- 


_ mentconsists of measuring the sum of the 
currents at. the various terminals of the 


generator, transformer, or bus. If the 
vector sum of these currents is substan- 
tially zero, there is no fault; 
vector sum is not zero, a fault condition 
is indicated. 

In the case of transformer protection, 
the effect of the exciting current plays an 
important role, inasmuch as exciting 
current is equivalent to fault current 


from the standpoint of differential pro- 
tection. 


Under normal conditions of 
operation, when the exciting current is 
less than ten per cent of full-load current, 
the exciting current easily can be pro- 
vided for in the setting of the relay. 
However, because of the high value of 
exciting current which may flow at the 
instant a transformer is energized, un- 
necessary operations. of the differential 
relay may occur when a transformer is 
being energized. 

The excessive exciting current which 
may occur at the instant of energizing a 
transformer, commonly known as the 
inrush current, is due to the combined 


_effects of transformer saturation, residual 


magnetism, and the transient d-c com- 
ponent in the current wave.! Inrush cur- 
rents are a random phenomenon and can 
vary in magnitude from practically nor- 
mal exciting current to several times full- 
load current of the transformer. In prac- 
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temperature drop through the insulation 
and air interstices was increased slightly 
by low air densities as would be expected. 

The important point to remember is 
that these tests gave the minimum effect 
of altitude on the temperature rise of 
air-cooled transformers, because the losses 
were dissipated from a plain surface in 
which the loss of heat by radiation (un- 


affected by altitude) in percentage of 


total loss was the maximum possible. 
Calculations indicate that, if the cop- 

per loss of this transformer had been 

dissipated entirely by convection air cur- 
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ce Sean inrush RES: can be ex- 


pected i ina large percentage of energizing 
operations, since the conditions required 


for low inrush currents are rather limited. _ 


An example of a heavy inrush current is 
shown in Figure 1. In this case, the first 
peak has a value equal to approximately 
three times the full-load current of the 
transformer. 


Methods to Prevent Relay — . 
Operations Resulting from 
Inrush Currents 


The need to prevent operation of 
transformer differential relays due to 
inrush current has been accentuated 
greatly by the use of sensitive high-speed 
relays. With slow-speed and insensitive 
relays, the rapid decrement of the excit- 
ing current eliminates unnecessary relay 
operations. With sensitive high-speed 
relays, which trip in one to three cycles, a 


special method must be provided to pre- . 


vent operations due to inrush current. 
Some of the methods which have been 
used for this purpose consist briefly of the 
following arrangements: 


1. One method makes use of the fact that 
inrush current contains a high percentage of 
harmonic currents and a large d-c compo- 
nent. The direct and harmonic currents are 
separated by means of filters from the funda- 


mental current and are used to restrain relay 


action. On actual faults, the harmonic cur- 


~rents will be small compared to the total 


fault current and sensitive action is ob- 
tained.? 


2. In another method, voltage relays are 
used to block the tripping action of the dif- 
ferential relay, if there is no appreciable 
reduction in bus voltage at the instant of 
energizing the transformer. This blocking 
action exists only long enough to permit the 
inrush current to decline to normal value. 
If a fault exists in the transformer circuit at 
the time it is energized, the bus voltage de- 
creases and the tripping action of the differ- 
ential relay is not blocked. 


rents, the temperature rise at 40,000 feet 
probably would have been (when taking 
into account the increased copper loss 
due to temperature rise) in the order of 
350 degrees centigrade instead of 189. 5 
degrees centigrade. 
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~ method “a does sat decree the 


former is energized. This principle of 


tivity of the relay at the instant the trans 


new relay is based on the fact that 
inrush current is a pulsating direct 
rent of positive or negative polari 
Figure 2 shows the method used for t 
ing advantage of this situation. Two 
lays are used in series with dry-type r ce 
tifiers,'so that one relay functions on posi 
tive current and the other on negative 
current. In order to close the tripping 
circuit, both relays must be energized. 

In the case of an inrush current, only one 
relay will be energized and no tripping 
will result. In the event of a fault with 
substantially equal positive and negative 

currents, both relays will trip and the 
transformer will be cleared from the sys- 

tem. : 7 
While the foregoing describes the prin- 
ciple of the rectifier relay from the theo- 
retical point of view, a very important 

practical situation must be taken into 
account. As shown on Figure 1, the in- 

rush current is-by no means a direct cur- 
rent with respect to the secondary circuit, 
although the primary current is substan-. 
tially direct: Within approximately five 
cycles after the transformer of Figure 1 
is energized, an appreciable a-c compo- 

nent of current appears in the secondary 

circuit. This alternating current is a re- 
sult of current-transformer saturation 

caused by the flow of. direct current 
through the current transformer, a phe- 
nomenon which has been discussed and 
analyzed in recent AIEE papers.*:4 The 
magnitude of the a-c component and the 

time required for it to appear in the cir- 

cuit will vary principally with the con- 

struction of the current transformer and 

the resistance of the secondary circuit. 


In order to prevent tripping due to the 
false a-c component,-a time-delay auxil- 
iary relay was added which functions in 
the following manner. As shown in Fig- 
ure 3, if either of the two primary relays 
trip, the auxiliary relay A is energized. 
After 1.5 cycles, the relay trips, contact A 
is closed, and a resistor R is connected 
across the current circuit of the primary 
relays. The effect of this resistor is to 
desensitize the primary relays, thus re- 
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Figure 1. Typical example of transformer in- 

rush current. First peak of lower wave is 

approximately three times full load current of 
transformer 


quiring a heavier current to trip. When 
the inrush current subsides to a value be- 
low the tripping value for the primary re- 
lay, the auxiliary relay drops out and the 
sensitive setting is re-established. In an 
application discussed later, it was found 
that a sensitive setting of 2.5 amperes and 
a desensitized setting of 5.0 amperes gave 
satisfactory operation. 

If a fault occurs with a symmetrical 
current wave, the two primary relays will 
trip in approximately one cycle and the 
auxiliary relay plays no part in the opera- 
tion. If a fault occurs with a displaced 
current wave, the action will depend upon 
the degree of asymmetry, the magnitude 
of the fault current, and the d-c decre- 
ment. In many cases, the fault current 
will be sufficiently high and the d-c decre- 
ment sufficiently fast so that the speed of 
tripping will not be affected by the de- 
sensitizing action. For faults with dis- 
placed waves of low magnitude and a 
relatively slow decrement.of the d-c com- 
ponent, the desensitizer will take effect 
anda fault current higher than the de- 
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Figure 3. Connection diagram showing use of 
time-delay relay for desensitizing primary relay 
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Figure 4. Connections of completed relay 


sensitized setting will be required for 
tripping. For the applications being con- 
sidered, this latter condition did not ap- 
pear to be very important, since even the 
desensitized setting of the relay was lower 
than the setting of comparable relays. 

One limitation arises in regard to the 
dropout value for the primary relays. 
It is necessary for the dropout current 
with the desensitized setting to be lower 
than the pickup value with the sensitive 
setting. If this condition is not obtained, 
it is possible for the breaker to be tripped 
at the instant when the primary relay 
drops out and sensitizes the relay. In the 
application described later, the pickup for 
the sensitive condition was 2.5 amperes 
and the dropout for the desensitized con- 
dition 2.3 amperes. 


Application of Rectifier Relay 


A number of laboratory tests were 
made with the relay described above with 
satisfactory results. Figure 4 shows the 
connections for the completed relay. This 
diagram shows three resistors; R, is the 
shunting resistor of the foregoing dis- 
cussion, while R, and R3 are connected 
across the coils of the primary relays. 
These latter resistors are used to set the 
primary relays and to obtain smoother 
operation of the primary relays on the 
half-wave current. Telephone-type re- 
lays with copper slugs were used which 
further improved their operation on 
half-wave current. Selenium-rectifier ele- 
ments were used, four stacks being con- 
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nected in series to provide for the maxi- 
mum reverse voltage which could be ob- 
tained. Figure 5 shows the completed re- 
lay. Figure 6 is an oscillogram for a sym- 
metrical fault condition and shows the re- 
lay contacts of both primary relays clos- 
ing within 1.14 cycles after the circuit was 
energized. Figure 7 is an oscillogram for a 
condition of inrush current, and shows the 
contacts of one relay closing, but no ac- 
tion on the second relay. 

This relay scheme was put in service for 
the differential protection of a transformer 
which had been giving considerable 
trouble due to unnecessary operations of 
the differential relay on inrush currents. 
The setting used was 2.5 amperes for the 
primary relays with the desensitizer in- 
creasing the setting to 5.0 amperes. This 
relay has been giving satisfactory service 
and has eliminated unnecessary tripping 
due to inrush current-and at the same 
time has provided a more sensitive setting 
for actual fault conditions. 

It appears that the new relay described 
in this paper could be used advanta- 
geously in any application where satura- 
tion of current transformers may cause 
false tripping, such as bus differential and 
residual overcurrent relaying. Figure 8 
shows a typical example of the effect of 
current-transformer saturation on re- 
sidual relays. In this case, a residual relay 
was used on the 12-kv leads to a delta- 


Completed relay 


Figure 5. 
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Figure 6. Operation of rectifier relay for symmetrical fault condition 
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Figure 8. Oscillogram showing direct current 

through residual relay, with displaced fault 

current flowing in current transformers on A and 
C phases 


connected transformer. When a phase- 
to-ground fault was placed on the high- 
voltage star-connected winding, a heavy 
displaced current appeared in two of the 
phase leads on the 12-kv side of the trans- 
former.. Unequal saturation of the two 
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current transformers caused by the d-c 
component resulted in a considerable d-c 
residual current, as shown in the bottom 
trace of Figure 8. The rectifier relay 
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would permit the use of an instantaneous ° 


sensitive setting without danger of trip- 
ping falsely forusesexemplified by Figure8. 


Conclusion 


This paper describes a new relay for 
transformer protection and other appli- 
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Figure 7. Operation of rectifier relay for inrush current 


cations, which will not operate on the 
pulsating direct current that appears to 
. be caused by transformer inrush currents 
and other causes. This action is obtained 
by using two primary relays, one operat- 
ing only on positive currents and the other 
only on negative currents. Under fault 
conditions, both relays operate and the 
faulted unit is tripped. If the current 
flows only in one direction, only one pri- 
mary relay wilt operate and no tripping 
results. 
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‘LECTRONIC RECTIFIERS with 
wcontrolled point of ignition are now 
used widely in various industrial-control 
and power-conversion systems. Al- 
though the principle of operation of thy- 
tron and ignitron rectifiers is generally 
known, the analytical methods for calcu- 
lation of d-c output voltages of rectifiers 
have been surprisingly incomplete. For 
example, the calculation of a d-c output 
voltage of a polyphase rectifier with no 
delay of the angle of ignition or with a 


slight delay only is a conventional matter, ' 
since the necessary formulas can be found | 


in standard textbooks. When, however, 
the point of ignition of a polyphase recti- 


fier is delayed beyond a certain critical . 


value, the conventional formulas for d-c 
output voltages do not apply any*more. 
A problem of somewhat similar nature 
is encountered in the case of a single- 
phase half-wave rectifier where the con- 
ventional expression for the rectifier out- 
put - voltage Eac=V 2E,/" applies to 
rectifiers with resistive loads only and is 
not valid in the case of an inductive load. 
An attempt to calculate the average 
value of the d-c load-terminal voltage 
for a single-phase half-wave rectifier with 
an inductive load becomes a rather com- 
plicated affair. 
If in addition to a resistance and an 
inductance the load circuit of a poly- 
phase rectifier with considerably delayed 
firing also includes a direct-voltage gen- 
erating element such as the electromotive 
force of a running d-c motor, the relations 
become even more involved.” The signifi- 
cance of highly delayed firing of rectifiers 
is apparent if one will consider their 
application to control and regulation of 
field currents of various rotating’ ma- 
chines and as a controlled voltage supply 
for armatures of d-c motors in electronic 
adjustable-speed drives. 

The problem of determining the output 
voltages of a p-phase rectifier with de- 
layed ignition can be analyzed as two 
distinct cases with different relations in- 
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volved in each case. The first is the 
rather well-known case where the current 


flowing in the load circuit has a continu- | 


ous character: that is, at no time it drops 
to zero although it may contain a more 
or less pronounced a-c component. This 
is the case usually encountered in poly- 
phase rectifiers with no delayed firing’ or 
when the firing is only slightly delayed. 

If the firing, however, is delayed be- 
yond a certain critical point, the current 
in any polyphase rectifier will become 
discontinuous: that is, it will consist of 


separate pulses so that within a certain 


portion of the cycle no current will flow in 
the load circuit. The conventional ex- 
pressions for rectifier direct voltages are 
not valid in this case, and very little can 
be found in technical literature about the 
proper manner of attack of such a prob- 
lem. This surprising gap undoubtedly is 
caused by the apparent complexity of re- 
lationships involved and the difficulty in 
adapting these relations to practical prob- 
lems. 

This paper presents an outline of gen- 
eralized relations for average values of 
direct voltages of a p-phase rectifier for 
both cases of continuous and discontinu- 
ous conduction. The-very natural ques- 
tion how to determine the critical point 
of ignition which separates the two cases 
is, of course, of particular interest, and 
this problem is given special considera- 
tion. A relatively simple method of cal- 
culation of direct voltages and currents 
described in this:paper is illustrated by 
two examples. 


Case of Continuous Conduction 


The basic diagram of connections of a 
symmetrical p-phase rectifier with con- 
trolled. point of ignition is shown in 
Figure 1, and the graph of the anode 
supply voltage and the d-c load voltage 
is given in Figure 2. 


For a p-phase rectifier the phase dis- 


placement of two consectitive anode 
voltage waves (Figure 2) is 
20 
C= 
p 
If the transformer leakage reactance 
is neglected, an instantaneous commuta- 
tion will be obtained, and each rectifying 
element will conduct over the period 
from x, to xj+2x/p, where x; is the point 


(1) 
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books. 


: Yoh Loe 7 y. “wee®) TRY sen. wo 


of ignition, and the average. value of the | ie: 


rectifier output voltage (Bigte 2) will be” 
al 
Da= ye at Dp aa /2 Es sin xdx 
© Of 


or, after the integration, 


oe cos X;— Cos («+2)| (2) 


Expression 2 


is a different form of a 


well-known formula for the rectifier out- 


put voltage which can be found in text- 
The introduction of the angle of 
ignition x; in expression 2 seems advis- 


y IGNITION 


CONTROL 


Figure 1. Power circuit of a controlled poly- 
phase rectifier shown for the case p=3 


able from the point of view of unification 
of different formulas for rectifier output 
voltages. 

If the arc drop of the rectifier E, is 
taken into account, the rectifier output 
voltage will become 


- pEs 2a 
Fac 7 5x cos X7—cos aes —E, 
(3) 
or 
nz _ PEs | ( +75) “=| 
cos xy—cos | xy-+— }—ao— 
{i re / Or Hf be p °» 
(3A) 
where 
Be 
= 
\/ 2B, 


+") on 


Equation 3 also represents the direct - 


voltage at the load terminals of the rec- 
tifier E,,’. This is true also in the case 
where the load circuit contains an elec- 
tromotive force opposing the flow of 
current. This apparently self-evident 
fact is mentioned here because, as it will 
be seen later, it does not apply to all 
cases of rectification. 

From Figure 2 it becomes apparent that 
if the arc drop is neglected the minimum 
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: ee 2. Anode ikea voltage and d-c out- 
put voltage of a polyphase rectifier (p =3) . 


with delayed ignition 


Transformer leakage reactance neglected . 


theoretically possible value of the angle of 


ignition is 


1 2a \ S om 
veep ary ; 


$0 that in general the limitation for the 
firing angle is . 


Attention must be called to the fact 
that limitation 4 does not apply in the 
case of p=1, that is, to a single-phase half- 
wave rectifier. 
that additional limitations caused by a 
counter electromotive force in the load 
circuit may exist. These additional 
limitations are discussed i in oe next part 
of the paper. 

If the transformer leakage reactance 
is taken into account the extinction of arc 
in the outgoing rectifying element 
(anode) will be delayed so that a definite 
commutation period will exist during 
which the two rectifying. elements will 
conduct current simultaneously, and dur- 
ing this commutation period the load 
voltage will follow the average of the two 
anode voltages.!_ In this case the gtaph 
of the rectifier output voltage is as shown 
in Figure 3. 

The effect of transformer reactance is 
part of the voltage regulation of the rec- 
tifier transformer and lowers the volt- 
age output of the rectifier. This internal 
voltage drop of the transformer is di- 
rectly ptoportional to the load current 
and to the reactance of the transformer, 
and is represented by the expression :! 


TacX jEac 


ANac™5./3E, sin (x/P) 


(5) 


where 


Tac=d-c load current 
X; =leakage reactance of transformer 
E,;=a-c supply voltage (transformer second- 


ary) 
p=number of phases 


It is evident from expressions 3 and 5 
that in the case of continuous conduction 
-the,autput voltage of the rectifier, that is, 
the ‘voltage at the load terminals does not 
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(4). 


Besides, it must be noted ~ 


ae ee pn es 4 


Case of Discontinuous Conduction 


If the angle of ignition is eared be- S 


yond a certain critical point the cur- 
rent in the load circuit of the rectifier will 
become discontinuous: that. is, it will 
drop to zero in the outgoing rectifying 
element before the incoming rectifying 
element will start conducting, so that 
there will be a definite period during 
which no current at all will flow in the 
load circuit. 

This case has a arin conten 
wherever: controlled rectifiers are used to 
supply a very wide range of load volt- 
ages such as in different control and 
regulating systems, rectifier motor drives, 
and the like. 

Figure 4 represents a pe half of 
the anode supply voltage of a rectifier 
without any reference to the number of 
phases. It can be well understood that 
since no commutation in an ordinary 
sense will exist between the rectifying 
elements it is immaterial for the analysis 
of the individual current pulse whether 
it has been produced by a one-, two-, 
three-, or a p-phase rectifier. 

Figure 4 is of particular importance 
since it illustrates a number of basic 
designations used in subsequent parts of 
this paper. All the electrical angles are 
referred to the initial 0 point as shown in 
the. graph so that the equation of the 
anode supply voltage (with respect to 
zero line X) is 


e=/2E; sin x 


where £; is the rms value of the a-c supply 
voltage and: «=w the variable time angle. 

The sum of the electromotive force (E,) 
present in the load circuit and opposing 
the flow of current (Figure 4), such as the 
electromotive force generated in the ar- 
mature of a rotating d-c motor, and of the 
constant arc drop of the rectifier E, is 
represented by Ey 


=E,+E, (6) 


Obviously, the current flow in the load 
can be produced only by that portion of 
the anode supply voltage which rises 
above the constant voltage Ey so that 
in effect all the values of load current 7 
and of the voltage drop caused by this 
current must be referred to a new zero 
line X’’ shifted by Eg with respect to 
zero line X. 

The angle of ignition, that is, the point 
at which the rectifying element starts con- 
ducting, is designated by x, The angle 
of extinction of the are or the point at 
which the rectifier stops conducting is 
designated by xs. 

If for the sake of simplification it is 
assumed that the minimum starting volt- 
age of the rectifier is equal to the arc drop, 
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duced, 


Xe =n—sin Si e 


the expressions for a é 
follows: a 


a =sin? a me ss és 


and the range of angles of ignition : 
sin7} Perea sin-la : 


Wher there is no dlechromonve force 
the load circuit (E,=0) — “a 


rps Nerileo : : , aby 
i a ie V/2Es 

In this case the load voltages must be 

ferred to the zero line X’ (Figure 4). | 


For an ideal rectifier without any 
drop, ; 


(pee 
=a — 
V2Es 


re 
: 
4 
= 
+ 
% 


and if’ there is no electromotive force in 
the load circuit, then a=0, and the maxi- 
mum possible theoretical fae of firing 
angles is : 


red j 
O<xy<r 3 : 


_The analytical relationship between the 
angle of ignition xy and the angle of ex- 
tinction x, as derived by Vedder and 
Puchlowski? i is 


cos 6 sin (xs—8) —a+ 
—— 


[a—cos 6 sin (xs—6) Je =0 (12) 


where @ is the impedance angle of the load 
circuit that is 


tan 9 =— (13) 


2e diate 
VJ R2+2L? 


R=resistance of the load circuit 
L=inductance of the load circuit 
w=2nf (f=supply line frequency) 


cos @= (14) 


Although the equation 12 cannot be 
solved explicitly for x;,, the value of the 
angle of extinction can be calculated with 
satisfactory degree of accuracy for given 
values of x,y, 6, and a in accordance with 
the relatively simple method of gradual 
approximations which will be presented 
later in this paper. 

Values of x; as a function of xz calcu. 
lated from equation 12 are plotted in the 
form of several families of graphs in Figure 
5. 

All the curves of x;=f(x,) for the same 
value of the coefficient a converge at a 
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oe a al re as ole — ) a eae ee  , ee  eP  aee eae | mr - 
- Lae ret oT oa « ¥ ” AC Peart alk Lesa 


e of the Eeeneee out- é : i 


~ 


’ discontinuous current Bath expression 3A 


Due voltage ‘ES. can be calculated directly © 
from Figure 4 by integrating the anode- 


1 ute voltage function with respect to zero 


given Sine of pocfiicetit a Mice 
10). The straight line A-B deter- 


pression 9) of the angle of ignition xy 
a given a. 
It may be interesting to note that for 
the border case of a purely resistive load 


A ey 


es the minimum possible value x; 


line X’ (taking into account the arc drop 
of the rectifier) over the period of con- 
duction x,—x,; and averaging the result 
over the entire phase cycle 27/p, 


. 7 anna : 
ee Nm (1/2 E, sin x—E, )dx 
(ahh ase 
Ae ie Wes Bs: 


of continuous current reveals that ex- 


pression 3A can be regarded asa particu. 


lar case of the general expression 18. 


Obviously, when the load current be- 4 


comes continuous the angle of extinction 
x; for a given rectifying element becomes 
equal to the commutation angle xt “ad p 
(Figure 2): 


Xs AS (24) 


p 


for the rectifier output voltage in the case Seles: pe: 


a= 0 (cos 6=1) the angle of extinction Ey,=: Theos Xp— COS X3—Ao(%s—x,)] (18) By subacute expression 24 for xX» 

ess solely a function of the coefficient a < in equation 18, equation 3A is obtained. - 
nd i is independent of x: ne E, (19) Thus on the basis of previous considera- a 
#= Q=—x—sin-! 4 (15) /2Es : tions a following generalized scheme of fez eee 
can be: understood from Figure 4 or de- Tf the load circuit contains an. electro- piiciag onan ae oF ; = 
4 ed directly from equation cus motive force E, opposing the direction of 1. Theaverage value of the rectifier output a? 
se. ‘For another border case of a purely in- current flow (Figure 1) the average value voltage Eg, is represented by the general 35 
pu uctive load R=0 (cos 92=0) equation 12 of the J4,R voltage drop in the load equation 18, which in the case of continuous “3 
(armature-voltage drop, for instance) can current is transformed into equation 3A. a 


ee 
i 


ile A os 3 


be calculated by integrating the voltage 
function with respect to zero line X” 
(Figure 4) over the conduction period of 
the rectifier x,—x,, and averaging the re- 


2. The average value of the load- eal 
voltage Eg,’ is represented by equation 18 
in the case of R, L load and discontinuous 
current, and by equation 3A both for R, 
L, and R, L, E, loads in the case of con- 


— 
6 = 
Be sult over the phase cycle 2x/p, Catteieee p 
ey N 1 Ze y= ‘ : Boe average value of load-terminal _ 
{> ~ TacR= On (1/2 E, sin x —Eq)dx voltage Eq,’ is represented by equation 21 
a (=) bs when the current is discontinuous and ae : 
¢ x! ig load contains R, L, and Ej. 
a A E “a . 
TacR= , 5. [cos xy—cos x3—a(xs—xy)] (20) The case 3 stands out as a rather pe- 
i ; 5 : mies 
Xo culiar case in rectifier practice since here 
Fi gure 3. Anode supply voltage and d-c out- where the load-terminal voltage is not equal 
put voltage of a polyphase rectifier (p =3) c - z to the rectifier output voltage. This 
with delayed ignition ee gt Eo situation normally is encountered where” 
V2E, ~W2Es a rectifier is used to supply the voltage 


- Transformer leakage reactance considered 


‘cannot be used to calculate xs since, 
‘though it is fulfilled also in that case, it 
becomes an identity. 

For cos @=0 the value of x; can be ob- 
tained from the following relationships: 


The average direct voltage at the load 
terminals then will become 


Eae ae 


[cos x7—cos xs—a(xs —xz)]+Eg 


oe 


to the armature of a d-c motor, and to 
control the speed of the motor within a 
wide range by controlling the armature 
voltage. In general, the technical litera- 
ture contains very little on the analytical 
aspects of this subject,? apparently be- 
cause until recently the rectifier-motor 


For a=0 (rectifier without are drop), , PEs _ drives had been in the stage of infancy, 
= (16) Fac ex oe Pe ee and only quite recent developments 
Coat t On have aroused considerable interest in 
For a>0, a(xs—xy) +a! =| (21) such systems.*5§ } s 
: The fact that in the case of a genera- 
cos *;+ax,=Ccos xf+axy Cl) ere oe (22) _ tive load with discontinuous current the 
2Es 


Equation 17 can be obtained directly 
from equation 20 for the condition cos @= 
0, IaeR=0. 

Relationship 16 is represented i in Figure 
5 by the straight line C-D. Relationship 
17 is also plotted in Figure 5 as part of 
each family of curves for a given value of 

coefficient a. 

Figure 5 gives a clear picture of the 
maximum possible range of angles of ig- 
nition and angles of extinction for differ- 
ent coefficients a. As an example the 
maximum range of points of ignition «; 
for a=0 is represented by B-C and for a= 
0.8 by M-N. Similarly, the maximum 
range of angles of extinction x, for a=0 
is represented by B-D and for a=0. 8 by 
M-K. For a=1 the whole operating 
area of angles of ignition and extinction 
contracts into point A. 
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When the load circuit does not con- 
tain any generative element, that is, 
E,=0, then from expression 8 a=a= 

E,//2Es, from expression 22 a '=( and 
expressions 20 and 21 become identical 
with the expression 18. Hence, for Ej)= 
0 the average direct voltage across the 
load terminals Eg,’ is equal to the average 
direct-voltage drop in the load Ja-R and 
equal to the rectifier output voltage Idee 


Eac’ = Eac =Iack (23) 


for E,=0 


General Remarks on Voltage 
Relations 


The comparison of expression 18 for 
the rectifier output voltage in the case of 
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Figure 4. Anode supply voltage, load-ter- 


minal voltage, and load current referred to a. 


single rectifying element 


General case of a generative load (E,) 
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"Critical Point of Ignition 


a5 


a 
ee 
r 


a 


\ 


- load-terminal voltage is not 


oe 


* : Eac! > Eae ; ; 


apes 


rectifier output voltage can b 


even without any reference to analytical 
relations. Figure 4 shows clearly that 
- during the nonconductive period of the 


rectifier the voltage at the load terminals 
is equal to the electromotive force gen- 
erated in the load. On the other hand, 


the rectifier output voltage during the 
 nonconductive period is equal to zero. 

Thus, for the discontinuous conduction — 
of a rectifier with load containing a coun- — 


tervoltage — 


(25) 


“When the point of ignition of a rectify- 
ing element of a polyphase rectifier 
(Figure 2) is delayed beyond the firing 


- point which may be called ‘‘critical point 


_ of ignition,” the current in the load will 
become discontinuous; that is, each rec- 
tifying element will conduct an individual 
pulse of current, and there will be no 
commutation from one anode to the next 
anode. 

It is apparent from Figures 2 and 4 
that this critical point x,, must satisfy 
the following equation: _ 


= . 
2 
xemxyn tS (26) 
Qa 
PIRES py (7) 


and continuous conduction. will be ob- 
tained when ; 


Qa 


xf Xs— 4S (28) 


while the condition for discontinuous | 


conduction is 


Qa 


xy >Xs ap (29) 


The higher is the value of the imped- 
auce angle of the load, the higher are the 
values of x, (Figure 5) and xy, (equation 
27), and, consequently, the wider is the 
range of points of ignition for which 
continuous conduction is obtained (see 
condition 28). 

This does not mean, however, that for 
purely inductive load with 0=7/, and- 
cos @=( continuous conduction will be 
obtained throughout the entire range of 
possible angles of ignition: 


sin7! a<xy<mr— sin7!a 


On the contrary, there exists a maximum 
critical angle of ignition xyemax such that 
when the ignition of the rectifying element 
is delayed beyond this point the conduc- 
tion always will be discontinuous, irre- 
spective of how high the load inductance 
may be, that is, even for cos 6=0. 

This maximum critical point of igni- 
tion can be calculated under the assump- 
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tion of purely inductive load (cos 6=0) : 
from equation 17 by substituting x; from 
expression 26 into equation 17: 


2Qar 2a 
_ COS (=. mt) 4a ou t“2) 


= COS X7¢ max +0% fe max 


Hence, 
ra T 
max — Ne 0 
Xfce sin SACRE (30) 
where 
© A oie eee 
> < sin p sin (/0) Sir (31) 


Equation 30 does not apply to p=1, 
that is to single-phase half-wave recti- 
fiers, since for these rectifiers the con- 
duction is. discontinuous for any pos- 
sible firing angle. 

For an ideal rectifier (H,=0) a=0 (for 
an R, L load), Also, in many practical 
cases a is so small that it may be assumed 
equal to zero. 

Then from expressions 30 and 31 


wT 
Xfo max = —— 


Pp 
Since the range of possible firing angles 
is represented by the limitation 11 it is 
evident that when 


Xfomax= sin! a (32) 
the current in the load will be discontinu- 
ous even for a purely inductive load (cos= 
0) for any possible angle of ignition of the 
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_ can calculate the critical value a, of the 
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3 


80 390 


rectifier. From the relationship 32 on / 


coefficient a such that when a > a, the 
current always will be discontinuous 
for any possible angle of ignition. | 
From the relationships 32 and 30 the 
following equation for a, is: obtained: 


ind eee a ie 3) 
sin™? psin (x/p) a s 
Hence ; 

a sin (7/p) 
¢ qT / Pp 7 
sin? (/p) +(cos (~/?) -) 
| Ee (34) 
where | : 
pl 


Calculations of the Angle of 
-Extinction—Method of Gradual 
Approximations 


In the course of previous considera- 
tions the significance of the concept of 
the angle of extinction was fully empha- 
sized, In order that fundamental expres- 
sions 18, 20, 21, and 27 can be used di- 
rectly as practical formulas for calcula- 
tions of the load-terminal voltage and for 
determination whether discontinuous or 
continuous conduction of the rectifier is 
obtained, a relatively simple and accurate 
method to determine x, is necessary. 

The basic equation 12 which represents 
the relationship between the angles of 
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is a theoreti- 
elationship, but 
vantage that x, cannot 
an explicit function of 


x,in a relatively simple manner with 
ny required degree of accuracy. 
The family of graphs shown in Figure 
_ 5 where x, is plotted as a function of x, 
or a set’ of values of a and cos 6 covering 
the entire range of 0<a<1 and 0< cosé<1 
can be used to determine directly by in- 
terpolation the first approximation x,’ 
of the angle of extinction. j 
Equation 12 can be represented as 


ss (x;—6) ts—zy 
= x2 ak ee : wes "tan 6 
-- we: [a— cos 6 sin (xy—@) Je (35) 
ie cos # 
np e 
.. Introducing the following designations: 
ve ; : 
- A=a-— cos 6 sin (xy—8) (36) 
7 _ x(%a—2s) . 
oe = 180 tan @ rs (37) 
| Me= sin (x3—8) (38) 
o> —AB 
ye (39) 
cos 6 ~ 
we obtain from equation 35 
ee— sin N40 (40) 


where x, 2 r—sin7!a. ; 
On the basis of the first approximation 
~ x,’ obtained from Figure 5 the values M’ 
(equation 38), N’ (equation 39), and xm 
(equation 40) are calculated. Then the 
second approximation of the angle of ex- 
tinction x,’’ will be obtained from one 
-of the three formulas, for one of the 
- four possible conditions as specified in 
Table I. 
. The significance of expressions for pee 
shown in Table I can be understood if 
attention is called to the fact that for 
M’>N’ the actual solution x, of equation 
35 is 


> xe 
and for M’<N’ 
tik gt 


and also that the value x5; as compared to 
that of x,’ is indicative of the necessary 
degree of correction. 

Very often the second approximation 
x,’ will represent a sufficiently accurate 
solution of equation 12 (or 35). U sually, 
if the conditions are such that formula 
x4!’ = (x'+x)/2 (Table I) was used to 
determine x,’’, the latter may be assumed 
to be a fairly close approximation Obits se 
Otherwise, it is recommended to deter- 
mine the third approximation x,'’’ 
using x,’ as a basis for calculation of M"’ 
(equation 38), B’’ (equation Rye eth ad 
(equation 39), and xs, (equation 40). 
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approximations will permit to calcu-— 


PRY See hee ISTO ee ag Ve ee 
oe Dee nae Oe a 


be obtained from one of the three formu- 
las as shown in Table II, analogous to 
- Table I. — = ged 

Obviously, this procedure can be car- 
ried on until the required degree of ac- 
curacy is obtained. In most practical 
cases, however, the second or third ap- 
proximation yields sufficiently accurate 
results. For many estimating purposes 
even the first approximation x,’ ob- 
tained directly from Figure 5 may prove 
entirely adequate. 


Examples 


Two examples of calculations will be 
given here in order to emphasize the 
practical significance of previous con- 
siderations and illustrate the application 
of several basic formulas. 

Example 1. Calculate the direct 
voltage at the load terminals and load 

-current of a single-phase half-wave 
phanotron rectifier (no grid control) for 
the following set of conditions: 

Rectifier supply volt- 

AGE ly petata gee aoe E,=110 volts: 
Resistance of the load. R= 10 ohms 
Inductance of theload.. L= 52 millihenrys 
Line frequency:......... f= 60 cycles per 

second 
- Rectifier arc-voltage 


EOD Seen oe E,= 15 volts 


From equation 13, 


9x3 UTX 0.052 _ 
foc s 
§=62°58’, cos 6=0.4545 


1.96 


From equation 8, 
~./2X110— 


The angle of ignition from equation 9 
(the rectifier without delayed ignition); 


0.0964 


a=dao 


xp=%,= sin~! 0.0964 Sara 


From Figure 5 the first approximation 


Tr 5) ae ee all 
Sat ere ee 


Then, the third approximation Pd ” will: 


of the angle of extinction for a=0.0964, 
cos8=0.4545 and x;=5°32’ is xs’=242°. 
From equations 36, 37, 38, 39, and 40, 


A =0.0964 —0.4545 sin (5°32’—62°58) 
; =0.4791 
_ mw X (242—6,53) ~ oo ny 
B’ aS 180 X 1,96 =0.122 ‘x 
es =! =f 
M’ = sin (242° —62°58’) =0.0169 ee 4 
0.0964 —0.4791 X0.122 aa 
Ni Oe Oe 0085 - 
0.4545 — 

; Se 
ku = sin? 0.0835-+62°58’ =238°11’ © > 1 = 
M’< WN’ Msi S05 a SE 5. 
Thus, the second and sufficient approxi- Kes 
mation (from Table I), as 
vy Be tim 242 F2BBTUN 9 ages a ta 

2 2 ¥ pte 
~_ The load-terminal voltage (from equation ss 
21 for a’=0), = 
110 "6s 
E i, eee 5°32’ — x 240°6’ — 
de Van E cos en | 
240.1 5.68 *% 
0.0964 Pa PES =2/.2-VOltS cee 
180 180 oe 
and the load current (Eac’ =LacR for 
a’=0), f 
ees ee 
=—— =_— =2,,/2, amperes 
dc R 10 : peres 
Example 2. A three-phase con- 


trolled rectifier is supplying the power 
to the armature of a one-horsepower _ 
230-volt four-ampere 850-rpm d-c motor. 
Calculate the armature current, the ar- 
mature voltage, and the theoretical 
rectifier output voltage, assuming that 
the ignition of the rectifier is delayed to 

be xy=110° and that the motor is run- 
ning at the rated speed. 

The following figures are known: 


Transformer voltage. ...£s=350 volts 


o=3l7 
Armature resistance.... R= 3 ohms. 
Armature inductance... L= 70 millihenrys 
Rectifier arc drop....... E,= 15 volts 


Table | 
M’>N’ M’<N’ 
/ = oe: , 
18 +Xs1 ie , st Xs 
nae od Yk RA 0 MO Ra Nenana Of Hen Me re ota her ae heed Gy’ =Xs 9 
, a , 
” pop ed —*st x ” Xs FXa1 
Ban <p ttiter AM a tate) cata in ala Ure GAS TE} ) = saree ty 1), YOM LION DO COIR : = 9 
Table 11 
oe Ca eee et 
M”’>N” M’'<N” 
Rhye x: a aL: 
mt Xs +%s2 x It wm X39 X 
Cea y Seles ea nes Tan DIOR IG Cae Taga =- Ste 2 bey oe 3 Xs 9 
” 
Xs —%s: xy +Xse 
Ad Phe Je bd $2 x= 
1 ARMS nl yee eR eS X3 Xs 9 Xs oes 
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— 


Yt ie 
ok 


’ Bare: =——— =8.8 ) eu 


9=83°32', 


From equation ibs 
‘377X007 

- e Bye ‘ a 7 Fa f 
cos 0=0.1126 


* inion n equation Uy 


15 
on 2350 2350 


=a 0303 


From Figure 5 the first approximation. 


of the angle of extinction for a=0.471, 


— cos 0=0.1126 and xy=110° is 


2 = 183° - 
Thus, from equations 36, 37, 38, 39, and 
tik ee ee: 
A =0.471—0.1126 sin (110° —83°32’) 
: : : =(0.4209 
_m X (183 — 110) 
=. eae 1808.8 =0.865 
M’ = sin (183° — 83°32’) =0.9864 
—0. .865 7 
yell 0.4209 X 0.86 =0.95 


0.1126 


* ¥4 = sin-1 0.95-+83°32’ =191°43’ 


Since 
M'>N', %a>%-6' 
- then from Table I the second approxima- 
tion 
ae pea 1048" “grea 


{ BYv= 
 M"' = sin (187°21'— 


The Correuted values anes ei enNiewand 
%eo ALE 


_m X (187.35 — 110) 
POKER ben 
83°32’) =0.9711 
0.471 —0.4209 X 0.858 
0.1126 
Xso= sin! 0.9775 +83 °32’ =185°42’ 


N= 


=0:9775 


Here M’’ < N”’ and xy < x,’ and from 


__ Table II the third ee 


The critical point of ignition (equation 
27), 


180 X2 Xr 


= 186°32’— 
pe TX3 


=66°32’ 
Hence, it is apparent that x; > x, and 
a discontinuous conduction is obtained. 
To calculate the armature current one 
must refer to formula 20 or 21. 
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Wi ie 
_38X350X0.02 
one ie 


; my Pe 
Hence the armature e current, a 


fre tes 57 amperes, ae 


The armature voltage — (oad-terminal ) 
voltage), Re : ae : 


Eac =E RS =218-+4. 72= 222, me volts, 


Obviously, the value of Ext rd be > 
calculated directly from equation 21, 


and the same result would be obtained. _ 
- The rectifier gat voltage from. : 


equation 18,. 


_3X350 
 4/ Oe 


E os 110°— cos 186°32/ — 


eee volts 


180 180 


This voltage, “of course, is a purely = 


theoretical one and cannot be measured 


directly. Thus the relationship 25 is. 


confirmed. 


If in the course of calculations the woe 


of ignition would be found smaller than 
the critical angle of ignition x,,, it would 


“mean that continuous conduction is ob- 


tained, and the armature voltage, equal 

to the rectifier output voltage, would be 

calculated from equation 3 or 3A. 
Usually, the conditions for continuous 


or discontinuous current 28 and 29 can be 


checked by using the first approximation 


of the angle of extinction taken directly 


from graphs in Figure 5. 
Conclusions 


The generalization of expressions for 
the rectifier output voltage and load- 
terminal voltage to cover all cases of 
controlled rectification for both continu- 
ous and discontinuous conduction and for 
any number of phases seems to be of par- 
ticular significance. Clear distinction 


between the concepts of the rectifier - 
output voltage and the load-terminal 


voltage is necessary, particularly in the 
case of discontinuous conduction .with a 
generative load. The determination of 
the critical angle of ignition, separating 
the cases of continuous and discontinu- 
ous .conduction, is of great importance 
when dealing with rectifiers with a wide 
range of firing. 

Circuit constants have a predominant 
effect on both load-terminal voltage and 
the output voltage of a rectifier operat- 
ing with discontinuous conduction. 

The method of calculation of angles of 
extinction discussed in this paper enables 
to use relatively simple formulas for 
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mare-votage dp. of rectifier 


SS 


cates beat: 
Tagrectifier load current —s age value 


re term (equeren 38) 
M’, M"', M’”’ =intermediate values of term 
: M . . = 
N=term (equation 39) roa 
De fee Nid bee agate values of term | 
ion 4, 
p =number of phases ae 
R=resistance of load circuit — 
x =wt=variable time angle 
xs=angle of ignition (firing) oe 
x; =minimum possible angle of ignition  _ 
x2=maximum possible angle of ignition 
Xe = critical angle of ignition j 
ae max =Maximum critical angle of ignition - 
pores oat of extinction 
Xe.) go 0s. = first, seconds “chard approxi- 3 | 
eee ‘of the angle of extinction 
Xs1, Xsq, Xsg = intermediate values of the angle 
of extinction (equation 40) ‘ q 
6 =impedance angle of load circuit — ae ¢i 
w = 2nf =angular line frequency & 
mw =3.1416 
€=2.7183 


| 
7! 
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“Synopsis: The use of automatic oil circuit 
eclosers on rural distribution lines has re- 
sulted in improved continuity of service as 
well as reduced maintenance cost. How- 
ever, automatic circuit reclosers now in 


their inability to co-ordinate properly with 
- fuses on the load side of the reclosers. An 
‘improved oil circuit recloser has been de- 
signed to incorporate the advantages of 
minimum time-delay opening on the first 
and second operations to clear all transient 
faults on the protected section, and greater 
time-delay opening on the third and fourth 
operations to allow the blowing of a sec- 
tionalizing or transformer fuse to isolate a 
permanent fault without causing a lockout 
of the recloser. A description is given of 
the design, operation, and .advantages of 
- this recloser which permits clearing of all 

transient line faults and isolates permanent 
faults by properly co-ordinating with sec- 
 tionalizing fuses.. 


a 


_ Improved Equipment Is Required 


i URAL distribution systems with 
BR their long lines and small loads scat- 
tered over large areas. depend, for their 
economical operation, upon low cost of 
installation, minimum cost of mainte- 
nance, and maximum continuity of service. 


With the expansion of these systems ~ 


and the consequent greater cost of service 
trips, the need has arisen for improved 

low-cost equipment which is capable of 
decreasing the number of outages thereby 
reducing the maintenance cost. 

Experience has proved that approxi- 
mately 85 per cent of all faults occurring 
on rural systems are of a temporary na- 
ture; consequently, the desired. protec- 
tive equipment not only must be able to 
clear all faults but also should be able to 
restore service completely after all tem- 
porary faults and to isolate the permanent 
faults to the smallest possible localities. 

While automatic circuit reclosers, if 
properly designed to co-ordinate with one 
another, can be used advantageously at 
all sectionalizing points, the low revenue 
of most of the short branches usually will 
prohibit such universal use, and it is 
therefore desirable that inexpensive fuse 
cutouts be retained on the system. 

The ideal combination of protective 
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equipment thus will permit the use of 
simple fuse cutouts on the smaller 
branches to isolate the permanent faults 
occurring there and will make use of auto- 


matic circuit reclosers at the feeders and . 


more important sectionalizing points to 
clear all temporary faults and to isolate 


permanent faults occurring between the _ 
‘recloser and the fuses. - 


Z 


Figure 1. Single-pole automatic oil circuit 
recloser 


To make this selective action possible, 
the automatic circuit recloser must be of 
an improved design and meet the follow- 
ing requirements: 


1. It must have at least a first operation 
with a time—current characteristic which is 
faster than that of the fuse or fuses which it 
protects, so that the fault will not damage 
the fuses. 


2. It must have at least -one subsequent 
operation with a time-current characteristic 
which is considerably slower than that of 
the fuses which it protects, so that the fuse 
protecting the faulted line will blow. 


3. It must, after a minimum of these two 
operations, lock out in the open position so 
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minimum. _ = 


Seat Ph Ae at 2 eee Led 
pea ee Le aT Peo. Ran ee ee 
that, if a permanent fault occur on that part — 


of the system protected only by a recloser, 
the recloser will isolate this fault from the 
system. a : * eS 


4, It must be reliable in its operation, light — 2 = 


the maintenance and installation costs to a 


4 


To meet the foregoing requirements a Z f 
new automatic oil circuit recloserhas been 
developed as shown in Figure 1.’ .. »- ee 


General Construction 
This automatic circuit recloser con- 
sists of an aluminum cover and a steel 
tank, which may be grounded in acon- 
ventional manner. A steel hanger welded © 
to the tank permits single-bolt pole 
mounting, and a simple bracket provides 
for crossarm mounting. Two conven-_ 
tional porcelain bushings are used so that 
the line terminals are the only external _ 
live parts. Spark gaps are mounted be- 
side each bushing so that surge voltages 
-cannot damage the recloser. The oper- 
ating handle and the counter are covered 
by a hood to protect them from sleet. ~ 
The position of the handle is up when the 
recloser is closed and down when the re- 
closer is open. All operations are re- 
corded on a counter, and all but the lock- 
out operations are independent of these 
operating handle, which, in a downward 
position, indicates that the recloser is _ 
permanently locked out. An oillevel — 
gauge is located on the cover. : 


‘Operational Features 


This automatic circuit recloser requires 
four consecutive operations to lock out. 


\_ 554-2 
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Figure 2. Clearing-time—current curves for 

ten-ampere automatic oil circuit recloser and 

melting- and _clearing-time-current curves for 
co-ordinating fuse links 


A—100-per-cent-rated fuse links 
B—First and second operations 
C—Third and fourth operations 
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- The first two of these have a time-current ae the - eclos lost 


characteristic which is considerably faster R 
than that of fuses having the same rating. 


The last two operations are time delayed 


and have a time-current characteristic | 


‘ which is approximately the same as that 

_ of fuses having the same rating. 
Clearing time-current curves for a ten- 
_ ampere automatic circuit recloser and 


melting and clearing time-current curves 


i f N = = -t—-fR-=-- 21" 
| i Ff tial H 
erate 7). lees) a i = ees) 
; ff 24 
A aN 
f L Sh ai il} 25 


Figure 3. Sectional view of complete auto- 
matic oil circuit recloser 

1—Terminal 16—Operating 
2—Porcelain bushing mechanism 
3—Metal cover 17—Hand trip 
4—QO)l| gauge mechanism 
5—Toggle mechanism 18—Cover gasket 
6—Trip piston 19—Slide valve 
7—Oil level 20—Solenoid plunger 


8—Lockout spring 21—Pump piston 
9—Mounting bracket 22—Solenoid frame 


10—Ground 93—Series coil 
connector 94—Plunger extension 
11—Thermal trip 25—Coil shield 
12—Contact operat- 26—Contact - mecha- 
* ing spring nism roller 
13—Steel tank 27—Stationary contact 
14—Tank liner 28—Moving contact 


15—Operating handle 29-——Contact frame 


for fuses with which the recloser will co- 
ordinate are shown in Figure 2. It can 
be seen that properly selected fuses will 
remain undamaged upon the occurrence 
of a fault and that the recloser will open 
the circuit to clear the fault. If the fault 
exist after reclosing, the recloser will open 
the circuit again in the same manner. If 
the fault exist after the second reclosure, 
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smallest enn dketion™ phe 
can operate still a fourth time to be 
tain the fuse will clear, and, if the fault i 


not protected by a fuse, the recloser will | 
open and lock out to clear the fault from 


the system. 

Automatic circuit reclosers of different 
ratings will co-ordinate with one another 
‘as well as with fuses. 

_ Figure 3 shows in sectional view the 
main elements of this automatic circuit 
recloser. Essentially, these consist of 
three assemblies, namely: the operating 
mechanism with lockout. spring-and- 
toggle mechanism mounted in the cover, 


_the hydraulic mechanism and the series 
coil suspended below the cover, and the ~ 


contact mechanism mounted below the 
series coil. 

It will be seen that the upward move- 
ment of the operating handle elongates 
the lockout spring while at the same time 


- it permits the toggle mechanism to arrive - 


at an over-center position thus storing 
the energy of the lockout spring for the 
lockout operation. It. also will be seen 
that the downward movement of the 
operating handle trips the toggle mecha- 
nism to release the stored energy in the 
lockout spring and open the recloser until 
the operating handled is again moved up-. 
ward. 


Figure 4 isa Sante cross section of- 
. the hydraulic mechanism, which aids in 


explaining its operation. The hydraulic 
system serves four separate functions: 


1. It trips the recloser to the lockout posi- 


tion after the fourth operation in any group - 


of successive operations. 


2. It accounts for the time delay of inverse 
characteristic on the third and fourth suc- 
cessive operations. 


3. It introduces a reclosing delay of one 
second between operations to insure the 
complete dissipation of ionized gasses. 

4. It recycles the recloser when the fault is 
cleared or isolated. 


The hydraulic system operates as fol- 
lows. Upon the occurrence of an overload 
or fault, the solenoid plunger is drawn 
into the series coil. The plunger exten- 
sion acts upon. the contact-mechanism 
roller and, through a set of links, extends 
the two contact operating springs. When 
the solenoid plunger arrives at its nearly 
final position, the contact-mechanism 
roller imparts a blow to the movable con- 
taets and at the same time brings the 
hinge point of the contact operating 
springs to an over-center position so as to 
cause a rapid contact separation. Dur- 
ing this first downward movement of the 
solenoid plunger the entrapped oil es- 
capes through an escape port by lifting a 
slide valve in the hydraulic mechanism, 
as can be seen in Figure 4. Simultane- 
ously with the downward movement of 
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Figure 4. Sectional view of hydraulic | 


mechanism 


piston rises to such a position as to close 
this escape opening at the finish of the 
second operation. 

With the escape port closed off during 
the third and fourth operations, the down- 
ward travel of the solenoid plunger is re- 
tarded, because the escape of entrapped 
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Figure 5. Interruption of 170 amperes at 
7,500 volts and power factor of 83 per cent on 
five-ampere recloser 


oil is possible only by leakage along the 
solenoid plunger. As the trip-out piston 
rises higher with each successive opera- 
tion of the breaker, it not only closes the 
escape port at the end of the second opera- 


‘tion but also continues to rise during the 


third and fourth operations, and at the 
end of the fourth operation it contacts 
the insulated toggle link to trip the 
toggle and thus release the energy stored 
in the lockout spring, which Causes the 
recloser to open and lock out. 

The energy stored in the contact oper- 
ating springs during the downward move- 
ment of the plunger is not consumed en- 
tirely in separating the contacts. It also 


ELECTRICAL ENGINEERING 


f+} 60 5 —— 


7500 VOLTS 


75 AMP 


‘SSS eee aeeRRen NH 


PF =825% 


TRAVEL 


re tntnnennterninome 


acts to return the solenoid plunger to its 
uppermost position and, after doing this, 
returns the moving contact to the closed 
position with a snap action. The upward 
movement of the plunger therefore con- 
stitutes the time delay between successive 
operations. It is retarded, because the 
slide valve in the hydraulic mechanism 
closes off the escape port and only permits 
oil to enter through a small opening in its 
top. 

It will be noted from Figure 4 that the 
trip piston is provided with a valve which 
permits a slight leakage of oil so that this 
piston slowly will resettle to its original 

_ position. Thus, if a fault be cleared after 
any operation, the recloser automatically 
will reset itself for a complete cycle of 
successive operations. The total time 
for this to take place after a lockout opera- 
tion has occurred is approximately one 
minute and thus approximately 15 sec- 
onds per operation. 

The oil used in the automatic circuit 
recloser is of a low viscosity. which will not 
change greatly with decrease in tempera- 
ture. As the time required for the blow- 
ing of a fuse link is also dependent upon 
ambient temperatures, the retardation of 
the oil circuit recloser by lower tempera- 
tures will be minimized. While extremely 
low temperatures will have an effect upon 
the time—current curves of the automatic 
oil circuit recloser, this deficiency is well 
offset by the advantages of the hydraulic 
mechanism, in that it can take great 
shock and eliminates ratchets, gears, and 
latches which are less sturdy and depend- 
able. It constitutes a simple means to 
vary the time delay by allowing the free 
escape of oil during the first and second 
operations and by restricting the escape 
of oil during the third and fourth opera- 
tions. 

The contact mechanism is a unitary 
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Figure 6. Four interruptions of 75 amperes at 
7,500 volts and power factor of 82.5 per cent 
on ten-ampere recloser 


structure which is removed readily and 
replaced. It employs a double set of con- 
tacts to eliminate the use of braids or 
flexible leads. As previously explained, 
the opening or closing of these contacts 
can be effected only by a complete down- 
ward or upward stroke of the solenoid 
plunger, consequently, partial opening of 
the contacts, or so-called telegraphing, is 
impossible. The separating of the con- 
tacts is initiated by the final downward 
movement of the plunger, which imparts 
a blow to them in proportion to the cur- 
rent value to be interrupted, while the 
total separation of the contacts is ac- 
complished by the contact operating 
springs. After the return of the solenoid 
plunger to its uppermost position, the con- 
tacts reclose with a snap action. Con- 
tacts are made of copper tungsten which 
insures long life by its ability to withstand 
arcing. 

The recloser coils are so designed that 
minimum tripping current for, any size 
recloser produces the same number of 
ampere turns and thus the same force 
upon the plunger. This permits chang- 
ing reclosers to any rating merely by 
changing coils. As will be noted in Fig- 
ure 3, replacement of coils requires no 
loosening of linkages or disturbing of the 
contact mechanism.. Coils are made in 
normal ratings of 5, 10, 15, 25, and 50 
amperes for minimum trip-current values 
of 10, 20, 30, 50, and-100 amperes. The 
interrupting capacities are 150, 250, 375, 
600, and 1,200 amperes respectively. 

Time current values have been obtained 
from oscillographic records of interrup- 
tions. Figure 5 shows an oscillogram of a 
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single interruption at 7,500 volts and 170 
amperes on a five-ampere recloser at a 
power factor of 83 per cent. Figure 6 
shows an oscillogram of four operations 
with lockout on a ten-ampere recloser at 
7,900 volts with a 75-ampere fault cur- 
rent at a power factor of 82.5 per cent. 

It will be noted that a thermal trip is 
provided which will, upon excessive oil 
temperature, move the insulated toggle 
link and trip the toggle to release the 
stored energy of the lockout spring, thus 
causing a recloser lockout operation. 

In the design of this recloser it was 
found possible to reduce the total weight 
to approximately 65 pounds and the 
quantity of oil to approximately 2!/, 
gallons, while the required internal and 
external flashover values were main- 
tained. 


Summary 


The important improvement of this 
automatic circuit recloser is its double 
time-current characteristic. As pre- 
viously explained, this will permit the use 
of fuses on small branches of the system 
so as to keep the initial cost to a minimum, 
Upon the occurrence of a témporary 
fault this new recloser will clear the fault 
and restore service immediately after- 
wards, and upon the occurrence of a 
permanent fault will cause the fuse link 
to blow. 

If reclosers are used on feeders and 
main branches, and if fuses are used for 
all short branches, the use of this im- 
proved-type automatic circuit recloser 
will result in considerable saving in main- 
tenance cost, because it will reduce the 
number of service trips. It will reduce 
customer outages to a minimum and con- 
fine the fault to the.smallest practical 
locality. 
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Synopsis: The destruction of lead sheaths 
on underground cables by electrolysis usu- 
ally is caused by the action of direct cur- 
rents which originate from one or several 
- well-defined sources. Little information is 
available concerning a-c electrolysis, and 
since the extent of its destructive action is 
less widespread than that produced by direct 
current it is considered generally to be rela- 
tively less important in the field of cable- 
sheath. corrosion. This paper discusses 
two cases of electrolysis in which the lead 
sheaths on single-conductor power cables 


were corroded through, causing cable break- 


downs; and describes field observations 
and laboratory tests which show that at 
first the corrosive action was accelerated 
> greatly by rectified alternating currents 
which were induced in the sheaths by the 
Joad current. A method of protecting the 
- sheaths against such electrolytic corrosion 
also is described. 


HE GENERAL PROBLEM of lead- 

cable-sheath corrosion is a familiar 
one to any industrial organization whose 
field of activity involves the extensive use 
of lead-covered cables. This is particu- 
larly true of communication and electric- 
power companies. One of the earlier and 
most common forms of electrolytic corro- 
sion is that caused by the accumulation 
of stray direct currents by underground 
cables traversing areas served by transit 
lines which are discharged back to earth 
in sections where the cables are positive 


with respect to ground. Destruction of - 


the cable sheaths in the positive areas 
where current leaves the cable is known 
as anodic corrosion. Other factors, more 


Two specimens of corroded lead 
sheaths 


Figure 1. 
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recently recognized, include chemically ; 


developed earth potentials resulting from 
unfavorable soil conditions, galvanic 


potentials produced by dissimilar metals, 


and irregularities in the lead sheath itself. 


Electrolysis caused by alternating cur- 


rent has never received widespread con- 
sideration, and the consensus of opinion 
among many authorities has been that 
it is a complicated phenomenon and is 
usually unimportant, particularly where 
sheath sectionalization, with single 
grounding point, is used. 2: 


Two Cable Failures 


That a-c corrosion can be of consider- 


able importance is demonstrated by the 
fact that the case histories of two insula- © 
* tion failures on 13-kv single-conductor 


lead-covered power cables show that the 
breakdowns were the result of corrosion 
produced by a combination of galvanic 
current and rectified alternating sheath 
currents. In both cases a one-eighth-inch 
lead sheath was corroded through, per- 
mitting water which was present in the 
cable ducts to enter and eventually cause 
insulation failure. Neighboring cables 
were badly pitted and it was necessary to 
either replace these or provide gly 
against further corrosion. 

The phenomenon of a-c corrosion was 
found by extensive field and laboratory 
tests to be attributable to a process of 
rectification in which alternating voltages 
of low value induced in the sheaths by the 
load current in the cables resulted in 
alternating currents between sheaths and 


- ground; these were converted to direct 


currents which produced anodic corrosion. 


The initial failure occurred in 1937 ona . 


1,750,000 circular mils paper-insulated 
single-conductor power cable which was 
one of eight used to connect a 13,300-volt 
25-cycle single-phase 35,000-kva gener- 
ator in the main generating station at 
Safe Harbor to the 13-kv bus in adjacent 
Conestoga substation. The cables are 
connected four in multiple per phase and 
are approximately 1,600 feet long. They 
normally carry a total load of about 2,600 
amperes. Each lead sheath is sectional- 
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cea a to (orsatian ae mica 
which is stratified and porous, perm 
water to seep into the tunnel and 
quently into the eable ducts. T 
vides a low-resistance path | to gro 
from the sheaths and facilitates the ac 
of corrosion. Figure 1 shows two s 
mens of pitted cables. 

The second and most recent fail 
occurred in November 1943, on a sin 
conductor 


wood plant of the Pennsylvania Water 


and Power Company. The cable is one 


| 
feet long, connected two per phase. 
Each cable is installed in a separate fiber’ 


of a group of six, each approximately 290 


SHEATH ANODIC - 


Ba ee 
BIBS SUES ae Bae 
SS 
eS Nr 


SHEATH CATHODIC 


400 800 1200 1600 2000 
LOAD CURRENT - AMPERES 


met 2. Curve plotted from actual field 


measurements showing reversal of d-c polarity 
with increasing load current 
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Figure 3. Circuit used for tests on corrosion. 


cells 


13,200-volt paper-insulated 
1,500,000 circular mils cable connecting a 
33,750-kva three-phase 60-cycle outdoor — 
transformer to the 13-kv bus in the Holt- _ 


+ 


; 
| 
| 
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Here Ean seepage water 


xt at the Gtdoge Sabie Bike and 
forms a path for corrosion currents to 
flow from the sheath to ground for the 
entire duct length. r 


‘Field Observations 


' Samples of water removed from the 

_ ducts at both Safe Harbor and Holtwood 

were high in alkalinity, having pH values 

_ from 9.5 to 11.6. Analyses showed that 

sodium carbonate, sodium bicarbonate, 

calcium carbonate, and sodium hydroxide 

_ were present..- In solution these chemicals 

rove an excellent electrolyte for the 

_ generation of galvanic currents between 

- the sheaths and the nearby copper 

ecound wire, and because of their low 

resistance the magnitude of both the gal- 

4 vanic and rectified currents was in- 

_ creased. A water sample from the ducts 

_at Holtwood had a specific resistance of 

_ only 115 ohms per cubic centimeter as 

_ compared with 7,800 ohms for Baltimore 
city water. Resistance of individual 
cable sheaths to station ground was as 

- low as 2.7 ohms with the metallic ground 

connection removed. In a dry installa- 

tion of fiber duct a resistance to ground of 
the order of megohms may be expected. 

_ The cables at Safe Harbor lie within 
several feet of a copper ground bus which 
runs parallel to them embedded in the 

tunnel concrete. The water-soaked con- 

crete and fiber duct act as an electrolyte 
between the lead cables and copper 

_ ground wire, so that with no power flow 
through the cables a small direct potential 

‘is present; in effect lead sheath and copper 
ground constitute a galvanic cell with the 
copper ground wire as the positive elec- 
trode. That is, the copper is positive 


_ with respect to the sheaths at the ground- 
ing points outside the ducts, with the 
metallic ground connection removed. 
There are no stray direct currents in the 
areas to complicate the situation, and the 
nearest street-car lines are many miles 
distant. 


With the cables de-energized, 
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Figure 4. Circuit used for measuring rectified 
‘current 
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: - Cables Ships Rey 
Cables 


2,600 Amperes” 
Section De-energized Total Current 
ol. Qserees 0.85 milliampere, .. 0.3 milliempers, 7 
sheath — sheath — 
POON 1.1 milliamperes,.. 1.85 milliamperes, 
sheath — sheath + 
Seeareses 0.1 milliampere, .. 0.7 milliampere, 
sheath — sheath — 
re Miyata 2.7 milliamperes,..12.0 milliamperes, 
sheath — sheath — 


direct currents up to eight milliamperes 
were measured flowing between one cable 
sheath and ground, with the cable anodic, 
that is, current flow was away from the 
cable into the wet concrete. This was 
galvanic current produced by the poten- 
tial difference between lead sheath and 
copper ground wire. 

Further observations showed that: the 
direct currents varied in magnitude when 
varying load current flowed in the cables, 


and even in some instances reversed their ~ 


polarity as the load current increased 
above a certain value. The measure- 


ments shown in Table I made at the nor-. 


mal grounding points between sheath and 
ground bus are representative of direct 
currents in the four individual sections of 
the faulted cable, after repairs were made, 
section 4 now being new cable. 

It is seen that the load current had the 
effect of increasing the direct current in 
two cases, reducing it in one case, and 
actually reversing it in another. 

Figure 2 represents graphically a case 
at Safe Harbor in which the sheaths of 
eight cables were tied together and the 
direct current measured through the 
common wire to ground. It is seen that 
at no load the current is 7.5 milliamperes 
with the sheaths anodic, and above 1,000 
amperes total load the polarity reverses 
making the sheaths cathodic. 

In searching for a possible cause for the 
variation of the direct currents the most 
significant clue was the change in their 
magnitude with changes in load current, 
and consequently with the induced alter- 
nating sheath currents: It was decided 
to investigate the possibility -of these 
alternating currents being converted into 
direct current through some process of 
rectification. Accordingly, a series of 


Figure 5. Circuit used for taking oscillograms 
of rectified current 


Sherer, Granbois—Study of A-C Sheath Currents 


Nas fanart fees were anions which . 


_into two main groups: oe 


extended over a period of nearly a year, s 
and it was found that alternating currents __ 

are rectified in lead-copper electrolytic a 
cells using water from the cable ducts as 
an electrolyte, with resultant destruction Be 


of the lead. Such cells are believed to be aX = 


laboratory analogies of field conditions. 


Laboratory Studies 


Laboratory experiments were con- _ 
ducted on lead-copper cellsto observe the 
effectiveness of the counter-potential 
method for preventing sheath corrosion, — 
and to study the factors which affect the - 
rectification phenomenon found on the 
cables. The experiments were divided 


(a). A-c corrosion studies. thee oe 
(b). Rectification studies. ss 


CORROSION STUDY 


Electrolytic cells were constructed of 
glass laboratory jars 21/, by 4 inches by 6 
inches deep, with lead and copper elec- 
trodes in an electrolyte of water from the ~ 
cable ducts. Samples of water were used 
having pH values from 8.2 to 9.5, and 
specific resistance of 450 ohms per cubic 
centimeter. In these tests the loss of 
weight of the electrode was used as a ~ 
measure of the degree of corrosion. Cell 
A was energized continuously at low volt- 
age with 25-cycle current only, using one- 
half ampere initially and-reducing later.to 
one-tenth ampere. Two other cells were 
energized with 25-cycle current, with ten 
milliamperes direct current superim- 
posed. In one of these, cell B, the direct 
current was applied in the direction to 
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Figure 6. Rectified current versus applied 
alternating current on new and aged cells 
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Figure 7 (above). Effect of aging on rectification in test cells 


g Figure 8 (right). Synchronized. charts showing effect % 


changes in load current on d-c sheath-to-ground current - 


make the lead electrode cathodic; in cell 
C the lead was made anodic. The mag- 
nitude of alternating and direct currents 
was held at the same value on all cells. 


Porous alundum cups were placed over 


the anodes to keep the corrosion products 
near the corroding surfaces, thus simulat- 
ing conditions of the cables in the ducts. 
It was not possible to maintain the value 
of alternating current at one-half ampere 
because the porous cups became clogged 
and increased the cell resistance, therefore 
after “about four months of operation the 
current was reduced to one-tenth ampere 
on all cells. The circuit used for these 
tests is shown in Figure 3. 

Results of the tests, after continuous 


_ operation for eight months, are summar- 
_ized in Table IT. 


These figures show that the combined 
rectified and galvanic currents of cell A 
caused the lead to lose approximately one 
fourth of its weight in eight months. 


The results on cells B and C indicate that. 


the destruction of lead can be speeded up 
or practically stopped by superimposing 
direct current of the proper polarity. If 
the direct current is in the direction to 
make the lead anodic, corrosion is more 
rapid than when alternating current alone 
is applied. If the direction of the direct 
current is reversed and the lead made 
cathodic, corrosion ceases. In general, 
the tests showed that lead can be pro- 
tected against even’ severe corrosive 
conditions by maintaining it cathodic 
with correctly applied direct current. 
Rectification tests indicated that about 
two per cent of the alternating current 
present at a new lead electrode is rectified, 


® 


and to maintain the lead ‘cathodic an 


amount of direct current slightly above 
this must be applied. - : 
RECTIFICATION Ssane » 


The factors which affect rectification, 
and the characteristics of the phenome- 


non, were studied on eight lead—-copper 


cells using four different samples of water 
for electrolyte which were obtained from 
widely separated sections of the Safe 
Harbor cable ducts. Duplicate cells 
were made with each type of electrolyte. 
The cells were continuously short-cir- 
cuited except for a short period each day 
when they were energized with 25-cycle 
current for making observations of the 
rectifying action. With the circuit* 
shown in Figure 4 it was possible to 
measure fractions of a milliampere direct 
current in the presence of several amperes 
of alternating current. The transformer 
neutralized the alternating current in the 
measuring circuit, and the rectified cur- 
rent was measured on a microammeter 
shunted by one ohm. 

Oscillograms of the alternating and 
direct currents were obtained by means of 
the bridge circuit shown in Figure 5. 
With a desired value of alternating cur- 
rent on a cell, the bridge was balanced by 
adjusting resistance R, until the galva- 
nometer was at minimum deflection. 
The relatively high resistance of the two 
right arms of the bridge forced the rectified 
current ee the See shunt R; 


* Acknowledgment is snade to E. F. Wolfe and 
Charles Wasserman of the Consolidated Gas Elec- 
tric Light and Power Company of Baltimore for 
this circuit. 


Table Il 
Weight of Lead Weight of Copper 
in Grams in Grams 
— — Per-Cent Per-Cent 
Cell Applied Current Before After Change Before After Change 
A..25 cycles only. . ML OUNT Si cvesck oo Oe crake a aes hier CURRY bn ncantet: Viet 
Bs "Alternating plus direct —lead ‘cathodic. eUL6NS ore LG Saimcseee) ORT cee 48:8 aoe 20.0....—=59.0 
C..Alternating plus direct—lead anodic..... 1125.8 00th D280 DOLD ema cana 47.8 
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and the left side of the bridge. Records 
obtained in this manner agreed with re- 
sults obtained by the use of indicating 
instruments shown in Figure 4. 

It was found that the rectifying action 
of the cells was a function of the surface 
of the lead electrode, and that rectifica- 
tion characteristics changed with the — 
aging of the lead in the electrolyte, even _ 
to the extent of causing reversal of polars 
ity of the rectified current. The curves 
of Figure 6 show the manner in which the — 
age of the cell affected rectification for | 
the eight cells used in the experiment 
Direct current is plotted against in- 
creasing values of applied gies | 3 
current. The group of curves above the 
reference abscissa were obtained when the — 
cells were new, with fresh electrolyte and — j 
cleaned and scraped electrodes. 


| 


+3 


The | 
lower group of curves are-representative _ 
of the same cells three weeks later, with _ 
the cells having been short-circuited dur- — 
ing the interval. All the curves show a __ 
small galvanic current in the absence of 4 
applied alternating current; under this — 
condition lead is always anodic because of - 
its position with respect to copper in the | 
electromotive-force series of elements. 
When the cells were new, an increase in — 
the amount of alternating current caused — 
the lead to become increasingly anodic; 
but during the three-week period in 
which the cells were short-circuited; the 
rectifying characteristic of the lead under- 
went a change, after which the lead be- 
came increasingly cathodic with increased 
alternating current. This change is 
demonstrated in Figure 7. Here the 
curves show how polarity of the lead elec- 
trode changes from anodic to cathodic in 
the presence of alternating current as the 
cells age. It was found in these tests 
that the process of aging or forming of the 
lead to make it cathodic takes place more | 
rapidly, and that the rectified current is 
of greater magnitude, in short-circuited 
cells than in cells continuously energized 
with alternating current, 

Tests made with cells using water from 
the Holtwood cable ducts confirmed the — 
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____ A number of ex 5eriments to determine 
_ the factors affecting rectification were 

_ carried out by larying the conditions 
under which the cells were tested. The 
_ conclusion was reached that rectification 
__ depends on the condition of the surface of 
the lead; polarity of the rectified cur- 
- rent is dependent upon the pH of the 
electrolyte and the length of time the 
lead has been in the electrolyte. Newly 
_- vleaned and scraped electrodes placed in 

cells with fresh and with used electrolyte 
- respectively indicate that age of the elec- 
_ trolyte does not affect rectification. 


_' However, when new clean lead electrodes 
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Figure 9. Rectification tests on lead—copper 

cells. Oscillograms showing wave form and 

polarity of rectified current on a new and an 
aged cell 


A—Ffresh electrolytic cell 
PH is 8.2 
Resistance is 630 ohms per cubic centimeter 
at 25 degrees centigrade 
Cell age is 21/2 minutes 


B—Aged electrolytic cell 
PH is 8.3 
Resistance is 2,200 ohms per cubic centi- 
meter at 25 degrees centigrade 
Cell age is 21/2 months 


were substituted for aged ones, polarity 
changed from cathodic to anodic. 
Changing old copper electrodes for new 
ones made no difference in rectification. 
A ten-per-cent increase in rectified current 
resulted from an increase in temperature 
from 5 degrees to 50 degrees centigrade. 
Irrespective of whether the lead elec- 
trodes were tarnished, scraped, greased, 
oxidized, or rough surfaced, they were 
always anodic when first placed in a cell 
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- that an . with a copper electrode and always be- 
= of thit sai je. came cathodic at a later time. 


Cells with 
two lead electrodes showed no rectifica- 
_ tion when the surfaces of the two were 
_.identical, but if one was new and the other 
~ cell-aged, as much as two per cent of the 
applied alternating current was rectified. 
Inasmuch as the rectification appar- 
ently is due to the surface condition or 
film fortation and the element of time, 
it is intéxesting to observe this effect in. 
the field. A synchronized recording was 
made at Holtwood of the load current 
and the direct current in the ground 
connection of six cable sheaths in parallel. 
In Figure 8 the direct current is seen to be 
maximum at zero load current and in 
general décreases with an increase in load. 
The loac swings produce corresponding 
changes in the direct current. However, 
a polarizing effect because of time is also 
present, particularly when the load cur- 


4.2 OHM GRID 
RESISTOR 


12 NO.6 DRY CELLS 
IN MULTIPLE 


Figure 10. Method of applying counter 
potential for corrosion prevention 


rent suddenly is reduced to zero or when 
suddenly applied. 

As a matter of general interest, the 
wave form and polarity of the rectified 
current in the laboratory cells is shown in 
the oscillograms of Figures 9A and 9B 
for a new cell and an aged cell. 


Correlation of Laboratory Tests and 
Field Observations 


As previously discussed, field observa- 
tions made following the cable failures 
disclosed that load current affected the 
magnitude of direct currents flowing be- 
tween sheaths and ground. On the re- 
placement cable at Safe Harbor, the 
direct current increased from 2.7 milli- 
amperes at no load-to 12 milliamperes at 
full load. Because this cable was new 
the large increase of current correlates 
with the results obtained on new cells in 
the laboratory tests in which the rectified 
current was always in the same direction 
as the galvanic current, with the lead 
anodic. Referring again to Figure 2, 
the reversal of the direct current with 
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load current above a certain value agrees 
with the characteristics found on aged 

cells, in which polarity of the direct cur- ~ 
rent reverses to make the lead cathodic 
for alternating currents above given a 
values. Since the rectified currents on 
aged lead oppose the galvanic currents 


+ 


and are in the direction to make lead _ 


cathodic, it might be expected that rece 


tification would make the sheaths self- 
protecting above a critical load current, 
and this is no doubt true after the lead is 
sufficiently formed‘ or aged. Since this — 
process of forming is a function of several 
variable factors such as continuity and 
magnitude ,of load current, time, and — 
quantity and character of water in the 
ducts, it is not possible to determine _— 
when the self-protecting condition will be .— 
attained. One method to provide defi- — 
nite protection to lead cables in wet ducts 

is the application of direct current in the — 
direction to maintain the sheaths always 
cathodic. 

Corrosion-Prevention Measures ; 
Applied to Cables 


Inasmuch as the rectified currents in — 
the field were, in some cases, in the direc- 
tion to produce corrosion of the cable | 
sheaths, and the galvanic currents always 
in this direction, the most obvious remedy 
was to apply a counter potential of a 
slightly higher order from an external 


- source to force a flow of current in the 


opposite direction. The method adopted 
at Safe Harbor consisted of an application 
of a bank of 12 number 6 dry cells in 
multiple, connected across a resistor be- 
tween the cable sheaths and ground bus as 
shown in Figure 10. Operating rules re- 
quire that the sheaths must have a posi- 
tive ground connection, and it was, there- 
fore, not permissible simply to insert the 
batteries between sheaths and ground. 
The eight cable sheaths were connected 
together, then grounded through a 4.2- 
ohm grid resistor across which the bat- 
teries were operated. The resistor per- 
forms two functions. It provides a path 
to ground for any currents that might re- 
sult from a cable-insulation failure, and 
in addition furnishes an JR drop which 
serves as the counter potential. It was 
found experimentally that a drop of one- 
half volt across the resistor made the 
sheaths cathodic to the duct and concrete 
at all points where they were accessible 
for observation. Since it was important 
that the sheaths be definitely cathodic at 
all points the ducts were chipped open at 
several places to make certain this condi- 
tion existed. 

Measures also were taken to provide 
drainage for the ducts at places where 
water had a tendency to accumulate, in 
order to keep the cables as dry as possible. 
Finally, an experimental installation of 
rubber-jacketed lead cable was made in 
the area where corrosion was most severe. 

The possibility of increasing the resist- 
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flushing the ducts with clean water was 
_ investigated. The duct of one sheath 
section whose resistance to ground was 
1.75 ohms was flushed continuously for 
seven days with the expectation that re- 
moval of the accumulated impurities 
| would result in an improvement in resist- 
~ ance. 
blown through the duct for several weeks 
to dry it out. Results were disappoint- 
ing; a slight decrease rather than an in- 
~ crease in resistance was effected, the final 
- value being 0:9 ohm. 
The failure at Safe Harbor occurred 
. after the cables had been in, service less 
than three years. The protective meas- 
“ures were applied immediately following 
the failure, and during the period of more 
than seven years. which has elapsed since 
then no more failures have taken place. 
The breakdown at the Holtwood plant 
occurred after the cable had been in serv- 
ice 12 years, indicating a much slower 
rate of corrosion. Corrosion-prevention 
measures taken here are similar to those 
employed at Safe Harbor, except that 
copper-oxide rectifiers instead of dry cells 
are used as a source of counter potential. 


Conclusions 


- From the laboratory tests and field 
observations, it is reasonable to conclude 
that the cable failures described were the 
result of rectified induced alternating 
sheath currents in combination with gal- 
vanic currents, plus possibly a small 


amount of chemical action. The de- 


structive effects of a-c corrosion were most 
pronounced when the cables were. new 
and the ducts first became wet with alka- 
line seepage water. Evidence appears to 
indicate that the destructive effects of 
rectification decrease with time and even- 
tually cease entirely as a result of a re- 
versal of polarity. 

It is important that in new installations 
of single-conductor lead cables in under- 
ground-duct systems caution be observed 
to guard against the effects of water seep- 
age into the ducts. Galvanic currents 
may be expected to flow from the lead 
sheath to the usual metallic ground sys- 
tem, and when the ducts first become wet 
destructive effects also may be expected 
from the rectified induced sheath cur- 
rents. 


Data on laboratory cells showing how 
the rectification phenomena and corrosion 
change with respect to time cannot be 
used to predict changes in the field. 
They serve only to demonstrate the 
phenomena in a qualitative way. On 
short-circuited test cells, for instance, the 
rectified current reversed its polarity 
within several days after the cells were 
made; in contrast with this, on some of 
the cables in the field it was still in the 
anodic direction several years after the 
cables were installed. 
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Synopsis: 
electromagnetic forces in circuit breakers 


‘when subjected to fault currents of appre- | 


ciable magnitude has long been recognized. 


One of the problems in the design of a cir- 


cuit-breaker operating mechanism is to pro- 
vide smooth and effective closing perform- 


-ance, even: though the breaker be closed 


against a short circuit and is thereby sub- 
jected to these high electromagnetic retard- 
ing forces during the final portion of the 
closing stroke. The greater the magnitude 
of the short-circuit current, the higher these 
electromagnetic retarding forces become and 
the more serious the effects of any tendency 
to “‘stall’”’ or, worse, to reverse momentarily 
the closing motion of the contacts. This 
paper describes a solenoid mechanism with 
novel design features developed to operate 
a new Magne-Blast circuit breaker of high 
interrupting rating and capable of closing 
that breaker against fault currents as high 
as 80,000 amperes rms. 


ORMALLY, when a fault occurs ona 
power system, the circuit breaker or 


breakers are in the closed position and are — 


tripped open upon the response of the 
protective relays. If the cause of the 
short circuit is removed before the reclos- 
ing of the breaker, the breaker closes only 
the load current of the circuit. If, how- 
ever, the cause of the short circuit is not 
removed before the reclosing of the 
breaker, the fault current is re-estab- 
lished as soon as the circuit-breaker con- 
tacts touch. This may occur frequently 
on systems. which are reclosed auto- 
matically after fault operations, if the 
faults happen to be of a persistent nature. 
This re-establishment of short-circuit 
current by the touching of the circuit- 
breaker contacts sets up electromagnetic 
retarding forces, which, for the more 
simple contact arrangements, oppose the 
closing motion of the breaker. The mag- 
nitude of thesé opposing forces is propor- 
tional to the square of the short-circuit 
current, and in circuit breakers having 
high momentary and interrupting current 
ratings they may be very high. Any 
tendency of the circuit breaker to ‘‘stall” 
or reverse momentarily its closing motion 
at such high values of fault current easily 


Paper 45-56, recommended by the AIEE committee 
on protective devices for presentation at the AIEE 
winter technical meeting, New York, N. Y., January 
22-26, 1945. Manuscript submitted November 24, 
1944; made available for printing December 27, 
1944, 
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establishment of thre fault current and 
subsequent tripping operation of 
breaker. 

The electromagnetic retarding forces 
responsible for this “‘stalling’’ action : arise 
from the U-shaped loop circuit which is — 
formed by the contacts and the conductor — 
studs in most of the conventional contact - 
arrangements. The more common of 
these conventional - arrangements are 
shown in simplified form in Figure 1. As 
the direction of current flow through the — 
blade is at right angles to that of the con- 
ductor studs, it exerts an electromagnetic 
repelling force on the blades which is 
greatest at each end and decreases toward 
the center as shown by the small distribu- 
tion arrows. The magnitude of this re- 
tarding force for normal load currents can 
be measured in ounces, while on high — 
short-circuit currents it may be measured 
in thousands of pounds. Figure 2 shows 
the calculated value of the peak retarding 
forces on the contact blades of a three- 
phase breaker having an eight-inch across- 
the-pole spacing when closing in on vari- 
ous values of fault current. The Appen- 
dix shows-the basis for ae calculation of — 
these forces. 

If these retarding fads are not over- 
come by the instantaneous-mechanism 
output force plus. the forces from kinetic __ 
energy stored in the moving parts, “stall- 
ing” may occur. Figure 3A shows the 
contact stalling which occurs in an actual 
test breaker operated by a conventional 
solenoid mechanism when closing in — 
against various values of short-circuit 
current. The stalling which occurred in 


(A) (B) (Cc) 


Figure 1. Contact arrangements on conven- 
tional small and intermediate ratings of circuit 
breakers 


Dashed lines show U-shaped current path that 
produces the electromagnetic forces which are 
shown by the small arrows tending to open the 
contact blades 
A. Oil circuit breaker 
B. Low-voltage air circuit breaker 
C. Magne-Blast power circuit -breaker 
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PEAK SHORT CIRCUIT FORCE 
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y 


‘THOUSANDS OF POUNDS 


20,000 60,000 ~ 100,000 
SHORT CIRCUIT CURRENT : 
AMPERES 


Figure 2. Peak magnetic retarding forces 
acting to retard closing motion of three-phase | 
breaker closing against various short-circuit 


currents 


these tests when closing currents of 
60,000 amperes or above resulted in-con- 
tact arcing and disturbance in the 
breaker. The duration of the stalling 
period increased with the short-circuit 
current, becoming as high as 12 cycles at 
80,000 amperes. After stalling occurs, 
the solenoid current continues to build up 
as shown in Figure 3B and, when the 


van 

w 

Z 

a 

= 

5 

re 

za 

8 : 

re) 5 io. =O iS (iti CH :té«‘ 
TIME-CYCLES 

(A) 

ts) 

a 

3 

o S 

° 

rl 

aw 

a=at 

3 3 

80 85 10 5 20 25 30’ 
TIME- CYCLES 


(B) 


Figure 3. The effect of short-circuit magni- 
tude upon stalling tendency during closing in 
conventional breaker 


A. Conventional breaker closing travel 
versus time, closing against various values of 
short-circuit currents showing how stalling in- 
creases at contact making when breaker is 
closing higher short-circuit currents. After 
stalling breaker completes its closing ‘stroke 
when solenoid builds up to a sufficiently high 
value to overcome retarding forces 


B. Solenoid current buildup 
with A 
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Figure 4. The effect of reduced control volt- 
age upon stalling tendency during closing in 
conventional breaker 


A. Conventional breaker travel-versus-time 


curves closing 50,000-ampere three-phase 

short circuit with various percentages of rated 

control voltage sustained at solenoid terminals, 

showing increased amounts of stalling which 

occurs with lower percentages of rated con- 
trol voltage 

B. Solenoid-current buildup curves for tests 
shown in A 


solenoid output force finally exceeds the 
short-circuit retarding force, the breaker 
completes its closing stroke. -Any ad- 
vantageous utilization of kinetic energy 
has been lost. 

This stalling tendency. for conventional 
solenoid-mechanism designs is aggravated 
greatly if we reduce the d-c control volt- 
age maintained at the solenoid terminals. 
Figure 4A shows the amount of stalling 
obtained when closing against a 50,000- 
ampere short circuit with various .per- 
centages of rated control voltage main- 
tained at the coil terminals. The pro- 
gressively lower d-c_ solenoid-current 
buildup rate for each of these voltages is 
shown in Figure 4B and results in 


1. Longer time delay before starting to 
close. 


2. Lower closing speed. 


3. Increased stalling at contact making. 


In recognition of these effects, recom- 
mended practice requires at least 90-per- 
cent rated control voltage to be main- 
tained at the coil terminals of any breaker 
that may be required to close in against 
a short circuit. As further insurance 
against the effects of possible stalling, 
application recommendations for sorhe 
time have required instantaneous tripping 
relays, which are operative only during 
the breaker closing operation, to be in- 
cluded as part of the essential equipment 
in all locations where the short-circuit 
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REQUIRED MECHANISM OUTPUT FORCE 


CLOSING 
80,000 AMPS 


THOUSANDS OF POUNDS 


TRAVEL- PERCENT STROKE 


Figure 5. Variation of force at breaker con- 
tacts throughout closing stroke Ss 


O-a=initial compression in breaker opening : 

3 springs 

a-b=the increase in force as these springs are _ 

compressed : de 

b-c=peak electromagnetic retarding forces of _ 

short circuit plus initial compression in arcing- : 

contact springs \ ae 

c-d=increase in arcing-contact-spring pres- 
sure as these springs are compressed 

d-e=initial compression in primary-contact 

springs 
e-f=increase in primary-contact-spring pres-— 

sure as these springs are compressed ~ 


7 
. 


oo 


current may exceed a stipulated value. — 
As these relays are operative only when 
the closing control circuit is energized, 
they do not interfere with the selective 
relays used to trip the breaker from its— 
normally closed position. _ These relays 
limit the duration of any possible ‘‘stall- 
ing” to a value of the order of two to four 
cycles. However, it has been realized 
that it is highly desirable, in new designs, 
to eliminate completely stalling over the 
entire operating range of control voltage. 
Accordingly, an improved mechanism de- 
sign with greater instantaneous output 
force has been developed. 

This mechanism design, applied to a- 
500,000-kva Magne-Blast breaker has 
demonstrated the ability to close and 
latch. that ‘breaker, without stalling, 
against three-phase short-circuit currents: 
in excess of 80,000 amperes rms, that is, 
in excess of the momentary current rating 
of the breaker. Any adverse effects of 
“stalling”’ such as sustained contact arc- 
ing or other disturbances in the breaker 
thus are eliminated, and the provision of 
the instantaneous overcurrent tripping 
relays previously referred to is no longer 
required. 

The remainder of this paper describes 
the development and construction of new 
solenoid mechanisms of this design, which 
employ a flux-shifting principle of opera- 
tion. 


Analysis of Problem 


In the development of a mechanism to 
eliminate stalling when closing against 
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Figure 6. Toggle mechanism used to reduce 
required solenoid force at closed position on 
-Magne-Blast breaker showing simplicity of 
i linkage 


high short circuits, it is necessary first to 
analyze the forces involved. Figure 5 
shows how the breaker closing forces vary 
through the stroke. Curve a-b-c-d-e-f 
represents the closing-force curve which 
the mechanism must supply when closing 


3 


CLOSING 
80,000 AMPS 


REQUIRED MECHANISM INPUT FORCE 
THOUSANDS OF POUNDS 
> 


60 


80 


fe) 20 40 
CLOSED 
TRAVEL- PERCENT STROKE : 


(A) 


STATIC SOLENOID FORCE — 
THOUSANDS OF POUNDS 


TRAVEL- PERCENT STROKE 
(B) 


Figure 7. Mechanism input forces as modi- 
fied by toggle linkage 


A. Input force to mechanism in Figure 6 to 

equal output force required in Figure 5 at 

breaker contacts with magnetic force included 

B: Static-pull curves of conventional solenoid 

capable of producing output forces required 

in Figure 7A to close breaker at 70-per-cent 
rated current 
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the 


CONTACT TRAVEL 


breaker ag 


touch and the short-circuit current is 
established. Line b-c represents the sum 


_ of the peak electromagnetic retarding 


forces on'the contact blades plus the ini- 
tial compression in the arcing contact 
springs. The electromagnetic forces ini- 
tially are cyclic in nature, varying in mag- 
nitude from zero to peak and back again 
to zero once per cycle. As the breaker is 
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Figure 8. Conventional solenoid-current 
buildup, dynamic output force, and stalling 
when closing 80,000-ampere short circuit 


A. D-c solenoid-current buildup versus time 
with closing operation for breaker with con- 
ventional solenoid mechanism when closing 


against 80,000-ampere three-phase short 
circuit 
B. Dynamic-solenoid-output-force — buildup 


versus time associated with solenoid-current 
buildup shown in A plotted over required 
static-Force curve to close breaker. Shaded 
area equals excess of solenoid output force 
which goes into accelerating breaker contacts 
C. Closing travel versus time resulting for 
breaker closing against 80,000-ampere three- 
phase short circuit showing stalling due to 
short-circuit magnetic forces-at time of contact 
touching 
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noid and the contact operating rods which _ 
reduces the force at the end of the stroke 
and increases it at the beginning. The ~ 


simplicity of this toggle arrangement is 
shown in Figure 6. For the output force 
of this toggle to equal the required force 
shown in Figure 5, its required input force 


will be modified to that of Figure 7A] ol 


The static pull ciirves of a conventional 


. solenoid capable of producing sufficient 


output force to close this breaker are 
shown in Figure 7B. Although this con- 
ventional solenoid ultimately will close 


-the breaker against 80,000 amperes, it~ 


will result in serious stalling at the time 
contacts meet as the coil current will not 
yet have built up to a high enough value 
to exceed point ¢ and close the breaker. 
This can be seen from Figures 8A, 8B, 
and 8C. Figure 8A shows the d-c sole- 
noid-coil-current buildup vetsus time 
which, when eddy currents are neglected, 
follows the equation: 


., Lt) dt dE 
we Rie 
Em Ee ean 


Figure 8B shows the approximate cor- 
responding dynamic output force and also 
the dynamic breaker back force plotted 
against time. In ten cycles the solenoid - 
current and resulting output force have 
built up high enough to exceed the initial 
compression of the springs, and the 
breaker starts to close. Continued cur- 
rent buildup results in the excess force 
shown by the shaded area which goes into 
acceleration. The movement of the arma- 
ture begins to close the air gap in the sole- 


Figure 9. Improved flux-shifting closing 
solenoid-coil design with bottom plate on 
plunger 


X=air gap around circumference of plunger 
Y=air gap to bottom plate which short-cir- 
cuits gap X as plunger closes 

Z=normal air gap at top of plunger 
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ase the indu 


easing induct- 


_ travel. In 15 cycles the contacts touch, 
_ though the solenoid output force has not 
_ yet built up to the required short cirtuit 
_ plus contact force, and so the breaker 
_ stalls until the solenoid current builds up 
high enough to exceed these forces and 
i complete the closing stroke. 


1 


solenoid can be reduced somewhat by in- 


>. 

= s ; 

Figure 10. Flux paths for various positions in 
Ss, A the conventional solenoid, and B the 
a ; double-air-gap solenoid 

a In the open position, the flux path in the two 
types of solenoids is the same, but, as the 
beni ’ 53 

plunger nears the closed position, more and 


| more of the flux in the double-air-gap solenoid 
____ is shifted from the nonpulling annular gap to 
the pulling gap of the bottom plate, as shown 


tA in the half-closed and closed positions 


OPEN 


(A) 
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The stalling with the conventional - 


HALF CLOSED 


CLOSED 


a 
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progresses. This action holds the breaker 
back until the coil current has built up 
to a higher value before it can start clos- 
ing. There is a limit, however, to this 
hold-back action, as it results in a higher 
excess force all the way through the 


stroke, and this greatly increases accelera- . 
tion and speed so that abnormal dashpots 


or closing buffers may be required to ab- 
sorb the impact of closing this breaker 
against no load. Excessive closing speeds 
are to be avoided if possible to increase 
the mechanical life of the breaker. An 
extremely long maintenance-free operat- 
ing life is a prerequisite on Magne-Blast 
breakers, as many of them are used on 
highly repetitive industrial applications 
where 15,000 to 30,000 operations per 
year are not unusual. - 


Improved Solenoid Design 


To avoid high closing speed and still 
close against high currents without stall- 
ing, the solenoid mechanism should. pro- 


AIR GAP 
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Figure 11. Rear of Magne-Blast breaker with 
arc chutes removed and tension springs con- 
nected through lost-motion linkage to operat- 
ing rod shaft simulating short-circuit retarding 
forces ee. 


“vide a normal dynamic output pull in the 


early part of its stroke of about the same 
magnitude as the conventional solenoid. ~ 
When the contacts meet, however, the © 
output force should rise rapidly without 
delay to pull the breaker contacts closed 
without waiting for the coil current’ to 
increase in value. The total pull from a 
conventional solenoid plunger depends on 
the total flux across the pulling gap into 
the plunger. It is impossible to increase 
quickly the total amount of flux in the 
magnetic circuit on account of the in- 
ductance of its path, but it is possible to 


Figure 12. A 500,000-kva Magne-Blast cir- 
cuit breaker with lower cover removed from 
solenoid to show flux-shifting plunger con- 
struction 
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Figure 13. Improved flux-shifting solenoid 
closing against 96,000-ampere three-phase 
short circuit 


A. Oscillogram.showing breaker closing and 
latching on 96,000-ampere rms three-phase” 
short circuit with 70-per-cent rated control 
voltage sustained at solenoid terminals 
B. Flux-shifting-solenoid closing-travel-ver- 
sus-time curve when closing and _ latching 
against no load and when closing and latching 
“against 96,000 amperes as determined from the 
oscillogram in A 


- 


_ shift its path so that the same flux crosses 


two pulling gaps. 

Figure 9 shows a plunger solenoid de- 
sign in which the initial flux path in the 
open position is across the annular gap X 
up through the cylindrical plunger and 
through the pulling gap Z to the pole 
piece and down through the return cir- 
cuit. The plunger, however, is fitted with 
the large bottom plate B. In the early 
part of the stroke practically all the flux 
flows across gap X. As the plunger closes 
in to the point where the breaker contacts 
touch, however, the large bottom plate 
on the plunger approaches the bottom 
of the magnetic return circuit so as to 
form a new gap at Y, which becomes 
shorter than gap X. The major amount 
of the flux therefore will have shifted by 
this time from the nonuseful gap X to the 
additional pulling gap Y which adds its 
force to that of Z. With no increase in 
total flux, therefore, this flux-shifting de- 
sign exerts a greater pulling force at the 
end of the stroke. Figure 10B shows how 
this flux path shifts for various positions 
during the stroke for a solenoid with the 
modified magnetic circuit as compared 
with the conventional magnetic circuit 
in Figure 10A. 

The original development tests on this 
double air-gap type of solenoid were made 
by 7 simulating the short-circuit forces with 
heavy tension springs fastened through a 
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‘show these tension: ee RAS Gincamatie 
analyzer is mounted on top of the breaker 
By varying — 
the tension in these springs, it is possible - 
to simulate various magnitudes of short-— 
Dynamic flux measure- ,, 


to measure contact travel. 


circuit currents. 


ments made during these tests determine © 


the optimum air gap and bottom-plate 
dimensions for the solenoid magnetic cir- 
cuit. 


The conventional solenoid plunger . 


construction first tested in this manner 
was shown to be capable of closing against 
a spring load equivalent to a 50,000- 
ampere three-phase short circuit with 90- 
per-cent control voltage. In contrast, 
the modified flux-shifting solenoid using 


the same coil-and-mechanism toggle con- 


struction closed successfully against a 
spring load equivalent to 95,000 amperes 
without stalling even when the control 
voltage was reduced to approximately 70 
per cent of rated voltage. This repre- 
sented an increase of over 1,800 pounds 
(peak oscillating force of 3,600 pounds) in 
plunger latching force, at the instant of 
contact touching, with no appreciable in- 
crease in breaker closing speed. 

An extended series of actual short- 
circuit closing tests was then made to 
check the results obtained. Figure 12 
shows the Magne-Blast breaker used in 
these tests with the lower cover removed 
from the solenoid to show the flux-shift- 
ing plunger construction. These tests 
listed in Table I, included both closing— 
opening and closing-latching tests. Con- 
trol voltages were varied from minimum 


; CURRENT “PHASE 2 . 


“VOLTAGE ene Ek 


VOLTAGE PHASE Paes 
CURRENT PHASE 3 4 
VOLTAGE PHASE 3 || 


Figure 14. Oxallosrean Romina break r 
closing against . 75,000 amperes. tripped in- S 
EME interrupting 540, 000 kvaat 7,250 O volts “a 


to 100-per-cent normal and the short 


circuit current exceeded 80,000 amperes 4 
No stalling | 


rms in a number of tests. 


occurred on any tests, and there was no 


disturbance at the breaker. The positive 
no-stalling closing action reduced contact. 
erosion to a negligible amount. 


Figure 13A is an oscillogram showing | ; 
- the breaker closing and latching against 
96,000 amperes rms (peak current 


158,000 amperes). The closing-travel- 


versus-time curve of the breaker when ‘ 


closing and latching against this current 
is shown in Figure 13B. Plotted over this 
curve is the closing curve of the breaker 
when closed against no load. The slight 
amount of divergence between these two 
curves after the contacts touch, due to the 
electromagnetic forces associated with 
96,000 amperes, can be seen at the top 
of the curves. 


Figure 14 is an oscillogram showing the 


breaker closing against a short circuit of 


. 


Table | 
—E—————————— 
Max Phase : : Per-Cent 
Amperes on . Max Phase Normal 
Closing Rms Amperes Solenoid 
Test Initial in Arc 3-Phase Kva Control 
Voltage Frequency Peak Rms Interruption Interruption Voltage 
re ON ile ne en ng SO et ee 
Three-Phase Closing and Latching Tests 
73250; saan BONS slate 84,000...... UR) Ree ae sia chs Sa oni arksohicsgos sts. 72 
7,250) Gee steies BO Sis cieicte ne 90,000...... iY 0. Ub eee ena Sao rcia dcr Com esas cacis. 45 So"n 72 
Ty250 Ak seers BO tan Saisie 92,000:..... BEAU SRO SERPS ToL ccne |ommrogoose oo at 72 
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A QOO ER io visigne Sabet GO Meer aisteceons 158,000...... QA OOO iss cic.c- svete oes ctormloneunvalie lols) sipren stele ofolol ei etel sl sis teiakers 95 
4200) ertrcreciethets GON oer. 148,000...... 1,00 Ree eR SS Maricdiasicic oot COC AC oMaho thas 80 
4/200 Waiscratartsstass GOS camel TOS, 000s rie CR) ee ear ar er ccc ences eo cares 80 
Three-Phase Closing and Opening Tests With Instantaneous Tripping 
7, 260 eet renienieiere LOE A 76,000. 235. - 50,000.52 ...5.. S8O0;0005- AG wate cee 380;0005...\.\... «21. 72 
Vj; 200 en ote cueteieue piace BO win Sicksnexs WoO,O00 Ruan 45,000......... S000 canines 390,000 aeleiatanieis 72 
7,250 Seances BO. ite ee EV AUN Vis Sere 34,000......... 84,000. c\ccaneteer 430 ,000%.\o5,00 cere 72 
75200, Weeisciter ister 30.. 59,000 nes. 35,000 ge: 35,000 0s soa eae 440,000....0...... 72 
7,250° cafe ater acct BO sree sere 66,000...... 29,0005.)...sem ine 39,000... fetta 490, 00Gs sare ce eleit 72 
4 DOO £*. gee crew ie ede 60; Sevier 56,000...... 34,000 cv cren ote ers 24 OOO pect teratere SLOO0OS Fa cackvaste 72 
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A000 pact ie oe ete GO, citi. oe 120;000nse.. 13,000 Saeatcueets 47,000) oo). nasi sc 570,000... 5 seat ere 72 
Close-Open+ 15 Seconds + Close-Open Duty-Cycle Test 
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* First operation, ** Second operation. 
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Figure 15 


, ; 
it, i2, and is are the three-phase short-circuit 
_ currents when closing 100-per-cent inductive 
4 circuit 


ix, ig”, and is? are the squares of these currents 
which are proportional to magnetic retarding 
forces on individual switch blades 


j Frais? +is2, +is? is the total three-phase mag- 
netic retarding force for the three phases of 
; breaker 


73,000 amperes rms (120,000 amperes 
_ peak) followed by a tripping operation 
- one cycle later. The short-circuit current 
at interruption was 47,000 amperes rms, 
~ which represented 570,000 kva. The total 
interrupting time of the breaker was 
_ three cycles from trip impulse to in- 
terruption. . 


Conclusions 


The double-air-gap flux-shifting sole- 
noid mechanism designed for operating 
- the Magne-Blast breaker makes this 
breaker equally adaptable to public- 
utility and industrial applications. It 
provides a mechanism for reclosing that 
breaker against maximum fault currents 


TIME IN GYCLES 
Figure 16. Variation of the total three-phase 
magnetic retarding force (Ft) with respect to 
: time 


May 1945, Votume 64 


TIME -CYCLES. 
Figure 17 
iz; is the single-phase fault current when 


switch is closed at zero voltage point on volt- 
age wave 


iz_7? is the square of single-phase fault current 


which is proportional to magnetic retarding 
force on blade ~ 


with minimum control voltage main- 
tained at the coil terminals, without stall- 
ing and without damage to the contacts. 
For industrial applications it provides a 


positive mechanism of extremely simple . 


design and few moving parts with an 
operating speed fitting it for highly repeti- 
tive applications such as steel-mill motor 
control and arc-furnace control, without 
requiring excessive adjustment or re- 
placement of parts. 


Appendix. 


Calculation _— of 
Electromagnetic Forces on 
Circuit-Breaker Contacts When 


Closing Against a Short Circuit 


The transient current which flows upon 
the closing of a switch in an inductive circuit 
with a sinusoidally varying impressed volt- 
age is given by the equation: 


E 


1 V+ wl)? [sin (wt-+6—¢) — 


Rt 


e “sin @—¢)] (1) 


where 


6 =electrical angle from zero voltage to 
making of circuit 
¢=angle of lag of current behind voltage or 


oL 
power-factor angle | equat to tan-( 9 )| 
If we neglect resistance in the circuit, 


R=0, and ¢=90 degrees, and the equation 
becomes 


j=22 [sin (wt-+0—90°) — sin (0—90°)] (2) 
ol 


Closing a three-phase switch upon a 
three-phase a-c short circuit similarly gives 
rise to three currents equal to 


Pe [sin (wt+@—90°)— sin (@—90°)] (3) 
wl } 
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= 


[sin (wt-+0—90°-120°) — 


sin (0—90°—120°)] (4) 


= —' [sin (wt-+0—90°-240°) — 
: ol ate : 


6 being measured in all cases from the in- 2 os 
stantaneous voltage zero in the first phase. — 2 
_ If these switch blades bridge at right 
angles two parallel conductors as shown in R ms 
Figure 1 of the paper, the instantaneous _ 

magnetic force tending to open each switch — 


bladeisequalto . 
F=4.517K 10-8 pounds* 
where 


z4=the current in that blade 


K=a constant determined by switch pro- _ 


portions : SR 
aye ec Aco 
us 0.779R IH+-VP4+S? 


4 


= 
eo 
= 
+ 


sin (9—90°—240°)] _ (5) ; 
= 2 - 2 


a 


— 


S=distance between parallel conductor 


. centers—inches 
R=radius of parallel conductors—inches 
1=length of parallel conductors—inches 


The total instantaneous magnetic force 
then acting upon the three switch blades is 
equalto a 
F,=4.5(4?+72?+7;2) K 1078 pounds (7) 

When i, 12, and 73 are squared and added 
together, it will be found that all the terms” 
involving the closing angle @ cancel out, and ~ 


2 


E 
iP+ie+ig=—~ 3(1— 


(oL)? (8) 


Cos wt) 


* The sum of the squares of the three in- | 
stantaneous currents therefore are inde- 
pendent of the closing angle @. 

The total instantaneous magnetic retard- 
ing forces on the blades of a switch closing 
on a zero-power-factor three-phase short 
circuit are equal to 


Em\? - 
F.=4.5 (2) 3(1— cos wt)K 10 8 pounds 
Q. . 


(9) 

This force starts at zero and reaches a 
Di CE) eee ae 

crest of K 1078 in 180 degrees and 


(wL)? 
drops to zero again in 360 degrees as shown 
in Figure 15. If the circuit contained zero 
resistance, this force would continue to 
oscillate indefinitely, as all three of the phase 
currents each would retain its original 
amount of displacement. Because of the 
resistance in any actual circuit, however, 
these currents eventually will become sym- 
metrical, after which the sum of the mag- 
netic forces has a constant value one-fourth 
its original peak magnitude as shown in 
Figure 16. 

As previously shown the total of the three 
magnetic retarding forces for a three-phase 


*This equation is based upon the switch blades be- 
ing spaced far enough apart so that each blade is 
not acted upon by the currents in the other two 
phase parallel conductors. It does not hold with 
very close phase spacings. 
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Application of Capacitors for Power- 2 


. 
i 


current at no load 


Factor Improvement of Induction Motors sve: <1, 0 an chshon Ge val 
: ; . various ratings. All capacitor EE Es 


ing below the motor-characteristic curve 

M indicate that X¢<Xz (capacitor Kilo- 
- volt-amperes is larger than the motor-_ 

magnetizing kilovolt-amperes) and there- _ 

fore the motor will self-excite. The final — 


W. C. BLOOMQUIST 


~ ASSOCIATE AIEE 


W. K; BOICE 4 12-4 hae 


MEMBER AIEE 


OWER-FACTOR improvement of in- 


duction-motor loads by means of 
shunt capacitors has been a common prac- 
tice for many years. Recently, the prac- 
ticé of connecting the capacitors directly 
at the motor terminals has developed in 
order to permit switching of the capacitors 
and motor as a unit. This will not result 
in adverse motor operation if the number 
of capacitors is selected properly. There 
is very little written material regarding 
operating experience, although capacitor 
and motor manufacturers have accumu- 
lated some experience.'*4 This ex- 
perience has shown that frequently too 
large a capacitor rating was used, result- 
ing in overvoltage due to self-excitation 
when the motor starter was opened; in 


some cases the voltage rose to 200 per cent . 


causing failure of motor insulation, in- 
dicating lamps, and other devices. In 
- several instances, the motor coupling and 
shaft were damaged when too large a 
capacitor bank was used and the motor 
switched by a reduced-voltage autotrans- 
former-type starter. In some cases, mo- 
tors have been damaged from overload 
because allowance was not made in the 
overload setting for the reduction in litie 
current due to the capacitors. In other 
cases, instruments and meters connected 


Paper 45-72, recommended by the AIEE committee 
on industrial power applications for presentation at 
the AIEE winter technical meeting, New York, 
N. Y., January 22-26, 1945. Manuscript sub- 
mitted December 5, 1944; made available for 
printing December 28, 1944. 


W: C. Broomguist and W. K. Borce are both in 
the industrial power section, industrial engineering 
division, General Electric Company, Schenectady, 
N. Y. 


short circuit is independent of the closing 
angle of the circuit. For a single-phase 
fault current, however, the crest value of 
these forces will vary 4 to 1, and their 
average over a cycle will vary 3 to 1 depend- 
ing upon the closing angle of the circuit. 
The highest value is obtained when a line- 
to-line fault occurs beyond the breaker at a 
zero point on the voltage wave. In this 
case, a full-offset current wave flows 
through two poles of the breaker simultane- 
ously. 


Emi tot 


[= [sin (wt-+6— ¢)— 
20/ R?+ (wl)? 


e “sin (@—¢)] (10) 
where 


Emito1=line-to-line voltage =1.73E,, 
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in the current-transformer secondary cir- 
cuit have been damaged due to overvolt- 
age.® 

The purpose of this paper is to discuss 
these problems and their solution. A use- 
ful application table is included which lists 
the maximum capacitor rating for use 
with motors and the reduction in line cur- 
rent with the recommended capacitor 


rating. This latter information is useful _ 


for selecting the proper overload-relay 
setting. / 


Overvoltage Due to Self-Excitation 


Self-excitation refers to the action of an 
induction motor operating as an induction 
generator with excitation supplied by ca- 
pacitors, such as may occur when the 
switch is opened and the running motor is 
disconnected from the power source or 
when the motor is driven by an external 
means. 

The mathematical theory: of self-excita- 
tion is involved and here only a simplified 
graphical solution will be given. If resist- 
ance is neglected, self-excitation will occur 
when 


XceSX1 
Xe=capacitive reactance 
X,=magnetizing reactance 


(A small value of X¢ corresponds to a 
large capacitor kilovolt-ampere rating.) 
For: practical purposes Xg=X, when the 
capacitor kilovolt-ampere rating is equal 
to the magnetizing kilovolt-ampere of the 
motor. This is very nearly the reactive 
kilovolt-amperes or kilovars at no load. 


If we neglect resistance and close at 0 de- 
grees to this line voltage, 


1.738 E»(1— cos wt) 


at 
2oL 


(11) 


The magnetic retarding force associated 
with this current is equal to 


38Em?(1— cos wt)? 


Fy-j7=4.5K = 
4(wL)? 


LOm (12) 


The peak of this force is equal to that for 
the three-phase fault condition in equation 
9. 

As this short-circuit current becomes sym- 
metrical, this force dies down to a double- 
frequency oscillating force as shown in 
Figure 17. If the switch had been closed at 
peak voltage, the current would have been 
symmetrical in the first loop, and the forces 
would have started out at their final value. 
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PER CENT VOLTAGE 


voltage of self-excitation; assuming the 


speed remains constant, occurs when Xco= 


=~ 


X, or at the points of intersection of the — 


80 100 120 '40 '60 
PER CENT CURRENT 


Oo 20 40 60 


Figure 1. Motor-excitation curve and capaci- 
tor volt-ampere characteristic curves 


capacitor curve with the motor-charac- 
teristic curve (points A, B, and C). 
Capacitor curves above the motor curve, 
such as curve C4, indicate that the capaci- 
tor kilovolt-amperes is less than the motor- 
magnetizing requirements, and the motor 
will not self-excite. Self-excitation can be 
checked by. connecting a voltmeter 
across the motor terminals and reading 
the voltage after the switch is opened. 
Curve C2 of Figure 1 is for the case 
where the capacitor kilovolt-amperes is” 


sufficient to improve the motor full-load 


power factor to 100 per cent. Note that 
the voltage of self-excitation is 143 per 
cent; this will vary among motors and 
may be considerably higher for some. 
' Jn the usual motor application, the 
motor slows down rapidly after the 
switch is opened and the voltage rapidly 
decreases; a 15- to 20-per-cent reduction 
in speed eliminates self-excitation so the 
voltage collapses in a few seconds. How- 
ever, in a few cases with high-inertia loads 
the voltage of self-excitation has been 
sustained for several minutes. Tet 

The graphical solution described as- 
sumes that the frequency of self-excita- 
‘tion is equal to the power-system fre- 
quency. This is approximately true in 
most cases since the frequency of self- 
excitation corresponds to the motor speed 
which is very nearly synchronous speed. 

Overvoltage may be reduced by means 
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_ of aseries or shunt resistance in the capaci- 


tor circuit but generally such devices 
are not used because of the continuous 
losses or the complication of switching the 
resistor to avoid the losses. 

Overvoltage alone may not be the sole 
criterion for selecting the amount of ca- 
pacitors to use; the listings of Table I 
consider both transient torque and volt- 
age. 


Transient Torques 


When a running induction motor with 
shunt capacitors is connected to a power 
source, a high transient torque may be 
developed. This may occur when a motor 
is transferred to the line from the reduced- 
voltage tap of an autotransformer-type 


iT 


LINE RRENT 


180 210 240 270 300 330 360 
ELECTRICAL ANGLE BY WHICH LINE VOLTAGE LEADS MOTOR VOLTAGE 
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~ 


starter, Figure 2. This also may occur 


when a running motor temporarily is dis- 
connected from its line, and the switch 
(Figure 5) is reclosed while the motor is 
still running and maintaining voltage at 


- its terminals by self-excitation. 


In order for transient electrical torques 


‘to appear, the motor voltage developed by 


self-excitation must be. of appreciable 
magnitude and it must be out of phase 
with the line voltage when the switch is 
closed. The torque is similar to that 


Figure 3. Peak elec- 
trical torque versus 
~ switching angle 


caused by connecting two synchronous 
generators together which are out of 
phase. 

If there is no load connected to the 
motor shaft, the torque will be absorbed 
by the motor inertia and will result merely 
in a momentary acceleration or decelera- 
tion of the motor, lasting for a few cycles. 

If the inertia of the load connected to 
the shaft is appreciable, some of the torque 
will be transmitted by the shaft to cause 
acceleration or deceleration of the load. 
If the load inertia is several times the 
inertia of the motor rotor, most of the 
transient electrical torque will be trans- 
mitted as transient mechanical torque by 
the shaft and coupling. In some cases 
this has caused fracture of couplings and 


twisting of shafts. 


ny ~~ ~ pore wt * ‘a — 
y 8 s 


~The peak ‘value of the electrical torque’y a 


is determined primarily by the magnitudes _ 3 : 


of the line and motor voltage, the electri- 
cal angle between them, and the reactance ~ 


and resistance of the motor. High tran- — : 


sient torques are accompanied by high ~ 
transient line currents: The transient 


torque is of an oscillating character, last- 


ing only for a few cycles and usually hav- 
ing its maximum value in a decelerating 
direction. The values of peak torque ob- 


tainable for a typical motor are shown by : a 


- Figure 3. | 


A series of tests was made to verify the 
expected values of transient torque. 
Figure 4 is an oscillogram of a test made 
on a 100-horsepower motor with 40 kva of 
capacitors connected to its terminals: 


This amount of capacitors improved the 


full-load motor power factor to substan- 


tially 100 per cent. The motor and capaci- 
tor bank were switched as a unit from re- 


duced voltage to full voltage by means of 
a manual reduced-voltage autotrans- — 
former-type starter. No load (except a 
tachometer) was connected to the motor 
shaft. 


Figure 4. Oscillogram of test for transient 
torque of induction motor with shunt capacitors 


Motor rating: 100 horsepower, 1,800 rpm, 
2,200 volts, 24 amperes. Capacitor rating: 
40 kva 


-Motor started with manual reduced-voltage 


autotransformer starter. No load connected to ~ 
motor shaft 


Maximum electrical torque (from slope of speed 
trace and motor inertia) =21 times motor rated 
torque 


Tachometer deceleration trace not used, since - 

peak went off film. This trace obtained from 

oscillograph element in series with capacitor 

across tachometer. Harmonics in this trace are 

due to commutator ripple and slight misalign- 
ment in tachometer coupling 


Line-voltage trace obtained from special circuit 
which shows only. the peaks of the voltage 
wave / 
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The maximum torque developed 


; Induction- 
Motor -—— 
_ Horsepower 3,600 > 
- Rating Ckva** %ARF 


Cae 


_ * When manual reduced-voltage autotransformer-type starter such as shown in Figure 2 is used, re 
rating if load data is appreciably higher than that of the motor. The motor full-load power factor, 


a4 # %AR is per cent reduction in line current due’to capacitors and is helpful for selecting the proper motor- 
"shown in Figure 5. ; 


eS eg a ele te Se ee 
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Table |. 


Representative Data for Three-Phase 60-Cycle Gene 


to 98 per cent. 


Recommended Maximu 


ral-Purp 


** CKVA is rated kilovolt-amperes of capacitors connected at motor terminals. 


was determined from measurement of the 
maximum rate of change of miotor speed 
and a calculated value of motor inertia. 
In the case shown by Figures 3 and 4, 
there was a delay of approximately 0.7 
second from the time the motor was dis- 
connected from the 65-per-cent autotrans- 
former tap until it was connected to the 
line. During this interval, the motor 
voltage built up to 138 per cent by self- 
excitation and became about 252 degrees 
out of phase. 
is apparent from the rapid momentary 
deceleration of the motor after transfer to 
the line. The measured torque was 21 


times rated torque. This measured value - 


is plotted on Figure 3, from which the 
good agreement between calculated and 
_test results can be seen. 

In order to prevent transient mechani- 
cal torques from damaging the shaft and 
coupling, the peak mechanical torque 
should not be permitted to exceed about 
six times normal. In general, if the con- 
nected capacitor kilovolt-amperes does 
not exceed the value given by Table I, 
excessive torques will not result. from 
switching occasioned by the use of electri- 
cally operated reduced-voltage starters. 
This is true because the switching time is 
so short that a high motor voltage and 
electrical angular difference does not ap- 
pear. 

If manual switching is employed, and 
the load inertia is appreciably higher than 
that of the motor, excessive shaft torques 
may develop. It is suggested that such 
cases be given special consideration, tak- 
ing the particular motor characteristics 
and load inertia into account before select- 
ing a value of capacitor kilovolt-amperes 
to be connected to the motor terminals to 
be switched with the motor. This may be 
done as follows: By the graphical method 
outlined in this paper, the maximum mo- 
tor voltage from self-excitation by a trial 
selection of capacitors can be determined. 
From Figure 3 for this motor voltage, the 
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The resulting high torque . 


maximum electrical torque can be deter- 


mined. The maximum mechanical torque ~ 


will be less than the electrical torque in 
the same proportion that the load inertia 
is less than the total inertia of motor and 
load. The capacitor rating should be se- 
lected by trial such that the maximum me- 
chanical torque in the shaft and coupling, 
determined in this manner, does not ex- 
ceed six times normal. As previously in- 
dicated, this procedure is not necessary 


if the switching time is less than about 0.3. 


second, as would be the case for most 
electrically operated motor starters. 


Thermal-Overload Protection of the 
Motor : 


When capacitors are connected to the 
motor terminals they supply some of the 
motor-magnetizing requirements so the 
actual line current is less than it would be 
without capacitors. If the capacitors are 
connected to the motor starter on the 


‘load side of the thermal-overload device 


as shown in Figure 5, the overload relay 
will not provide proper protection to the 
motor if it is selected for the uncorrected 
motor full-load current. The relay should 
be selected for a smaller current rating 
commensurate with the reduced line cur- 
rent due to the effect of the capacitors. 

The per cent reduction in line current 
due to capacitors is shown in Table I. 
Note the large reduction in line current for 
the slow-speed motors. 


POWER SOURCE 


toto 


STARTER 
THERMAL 
OVERLOAD 
DEVICE =] CAPACITOR 
MOTOR 


Figure 5. Location of capacitors and thermal- 
overload relay 


fer to method described in the text for selecting the cap or 
with capacitor ratings as listed in this table, will range from 95 


overload setting when the overload relay is located as" 1 


7 e & bs 
aes <¢£ 


The standard open-type squirrel-cage q 
induction motor will carry 115 per cent of 
the rated load at rated voltage and fre- 


quency with possible slight differences in 
power factor and efficiency. The over- 


load-relay setting therefore can be selected _ 
on the basis of the 1.15 service factor. © 
The reduction in current as listed in Table | 
I applies for either the 100- or 115-per-— 


cent loading. Examination of data for 


motors of various horsepower and speed 


ratings has shown this to be true. 


Overvoltage Protection for Current- 


Transformer Secondary Windings 


Excessive overvoltages (several thou- 


sand volts) have been observed in current- 


transformer secondary circuits of motor 
circuits with shunt capacitors for rotat- 


ing-machine protection or power-factor 


improvement. The analysis of this was 
described in a recent paper.® 
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Referring to Figure 6, when a de- 


energized capacitor is switched on to the — 


bus it appears initially as a short circuit 
since the capacitor voltage cannot be 


changed instantaneously. Therefore, the | 


instant the switch is closed the system 


voltage is distributed in the impedance 
from the bus to the capacitor, and since 
the impedance of the current transformer 
may constitute a major portion of this cir- 
cuit impedance, it may assume the major 
part of the voltage drop. The voltage as 
viewed from the transformer secondary 
winding will be increased by the turn 
ratio. The magnitude of this voltage also 
will depend upon the volt-ampere burden 
in the transformer secondary circuit; the 
larger the burden in volt-amperes the 
higher the voltage. The amount of capaci- 
tors at the motor terminals has very 
little effect on the magnitude of the volt- 
age. 

Many types of protective devices can 
be used in the current-transformer second- 
ary circuit, such as a shunting resistor, 
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Basis of Pnicaan Table 


How many capacitors can be safely ap- 
lied? The recommended capacitor rat- 
ings listed in Table I are selected con- 

_servatively for the motor and its drive. 

_ The overvoltage due to self-excitation 
usually will be within the maximum value 
(110 per cent) normally permitted for con- 
_ tinuous motor operation. The transient 
_ torque occasioned by the use of _reduced- 
_ voltage starters will be held to a reason- 
Jah value, with the possible exception of 
the manual autotransformer-type of 
4 starter, for which a suggested application 
procedure has been outlined. 
_ The no-load power factor will be ap- 
_ proximately 100 per cent and the motor 
_ full-load power factor will range from 95 
to 98 per cent which gives sufficient power- 
_ factor improvement in most cases. The 
” capacitor rating will range from 20 to 40 

“per cent of the full-load motor kilovolt- 
amperes; the smaller value applies to the 

_ high-speed motors which inherently have 
a higher power factor than slow-speed 

motors. ; 
The data are confined to a single table 
for simplicity for the most common motor 
sizes in the 220-, 440-, 550-, and 2,300-volt 
rating. Some of the capacitor kilovolt- 
ampere values given in Table I do not 
conform to the present standard capacitor 
ratings for all voltage classes, but in such 
cases the next lower standard rating may 
be selected. The standard capacitor 
ratings for the common voltage classes are 

‘given in Table II. 


rm 


a 
- 


Individual-Motor Power-Factor 
Improvement Versus the Group- 
Capacitor Method 


The use of a common motor controller 


for switching the motor and the capacitor 
as a unit has become increasingly popular 
because of the elimination of one switch- 
ing device and because of the operating 
convenience. The capacitor is switched 
in and out of service with its associated 
motor and therefore tends to eliminate 
overvoltage usually associated with light- 
load conditions in a plant. This unit- 
switching arrangement is economically 
attractive when only a few motors are in- 
volved or when there is no diversity 
among motors. In those plants having a 
large number of motors and diversity 
among motors in operation, such as is 
- common in industrial plants with a large 
number of motor-driven equipments, 
group capacitors automatically switched 
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“ments. 
recently describing various types of con- 
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Figure 6. Circuit arrangement producing 
overvoltage in current-transformer secondary 
circuit 


in several steps are usually more economi- 
cal than individual-motor power-factor 
improvement. Operation with automatic 


control results in the functional equivalent — 


of individual-motor power-factor improve- 
ment since the capacitors may be switched 
in blocks as dictated by the load require- 
Several papers have been written 


trol and their application for automati- 
cally switching capacitors.” 

Several studies were made to determine 
the relative economics of plant power- 
factor improvement by means of capaci- 
tors with individual motors and the group- 
capacitor method. 

The price comparisons were on the 
basis of the .same amount of total power- 
factor improvement. For example, when 
all motors are connected to the line at the 
same time, so that the motor-diversity 
factor is, one, the capacitor kilovolt- 
amperes required is the same for the two 
methods: When 50 per cent of the motors 
are on at the same time, corresponding to 
a motor-diversity factor of two, the group- 
capacitor rating need be only 50 per cent 
of the total capacitor kilovolt-amperes 
connected to all motors. The motor- 


diversity factor is the total motor-con- 


nected horsepower as related to the total 


Sa ae ee ese re p= 
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horsepower of motors 


The price ratio of individual capacitors _ 
to group capacitors was almost equal for 


the 220-, 440-, and 550-volt equipments 


for the same percentage of motors on the 


‘bus so the average price ratio for this a 
voltage range was used. The price data _ 


in operation. _— 


were based on standard noninflammable 


liquid-filled capacitors used: for power- ay 


factor improvement. 


EXAMPLE 1. Power-Facror IMPROVE- . 


MENT OF INDIVIDUAL Motors VERSUS _ 
Group MetHop or PowerR-FacToR ~ 
IMPROVEMENT FOR SERVICE BELOW 600 


VOLTS 


The price ratio of individual versus group 
capacitors for typical plants with motors 
from 3 to 50 horsepower is shown on Figure 
7, plotted as a function of the per cent of 


- motors in operation. ae 
Note from curve A of Figure ie cant the “24 


group-capacitor method with manual switch- 
ing is more economical than the individual- _ 


motor method even for -the 100-per-cent — 


condition when all motors are in operation. 
This is.true because the price of capacitors 
in dollars per kilovolt-ampere is higher for 
small units than for larger units such as are 


commonly used with the group-capacitor = 


method. 

Curve B shows aes price ratio when the 
automatic control and switching feature is 
incorporated with the group-capacitor 
method. (This is the operating equivalent 

of the individual-motor-capacitor method.) 


Note that even with the automatic control — 


feature the group-capacitor method is eco- 
noniically more attractive than the indi- 
vidual-motor method. 

Curve C shows the price relationship on. 
the basis of the same capacitor cost, in 
dollars per kilovolt-ampere, for the two 
methods and clearly indicates the effect of 
diversity in the motors in operation. 


Curve A will be very nearly correct for all : 


applications. Low-voltage manual-switch- . 
ing devices are inexpensive so the cost of the — 


Table Il. Standard Capacitor Ratings for Three-Phase 60-Cycle Units 
Individual Units Standard Rack-Type Equipments* 

Volts ~ Volts 

460 460 

: and and 

Capacitor Kva 230 575 2,400 230 575 2,400 
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* Standard rack-type equipment as commonly used for group- capacitor installations. 
available for 2,400-volt service if more capacity is required. 


Larger banks are 
This listing is for standard racks of full ca- _ 


pacity. Units may be removed in 7.6-kva units for 230-volt service and 15-kva units for 460-, 575-, and 


2,400-volt service. 
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» INDIVIDUAL) he : 
PRICE RATIO ( ‘GROUP ec 
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PER CENT OF MOTORS IN OPERATION ~ 


‘ Figure 7. Price ratio (individual /group) ca- 
 pacitors versus per cent of motors in op- 
eration (for service voltages below 600 volts) 


Curve A—Group capacitors with manual 


switching 
Curve B—Group capacitors with automatic 
F control and switching 


Curve C—Equal capacitor cost in dollars per 


_ kilovolt-ampere for individual-motor and group- 


capacitor methods 
Sas 


switching device is a small part of the total 
capacitor-equipment cost. Curve B is repre- 


‘sentative for medium- and large-size indus- 


trial plants. For small plants or plants hav- 
ing a small connected motor load the price 
ratio will be lower since the cost of the auto- 
matic-control and switching feature becomes 
a large part of the capacitor-equipment cost 
when small capacitor banks are used. Gen- 
erally, however, the automatic-control fea- 


ture is not necessary in the small plants. 


EXAMPLE 2. GROUP CAPACITORS FOR 
DIVERSIFIED MotTor LOAD AND INDI- 
VIDUAL CAPACITORS FOR SELECTED 
LarceE Motors FOR SERVICE BELOW 
600 VoLts 


In those applications involving a large 
number of small motors and some large 
motors it is good practice to use group ca- 
pacitors for the diversified motor load and 
individual capacitors for selected large mo- 
tors. Large motors require large capacitor 
units which have a low unit price approach- 
ing that of the group-capacitor method. A 
low diversity factor among the large motors 
favors the individual method of power- 
factor improvement. If the motor-diversity 
factor is greater than about 11/2, the group- 
capacitor method is generally more eco- 
nomical, 

The combination of group capacitors for 
the diversified load and individual capacitors 
for selected large motors offers the operating 
benefits associated with unit switching and 
thus helps prevent overvoltage during light- 
plant-load conditions. Consequently, auto- 
matic control usually is not required for the 
group capacitors used in such cases. 


EXAMPLE 8. 2,300-VOLT SERVICE 


The group-capacitor method may not be 
economically attractive for 2,300-volt (or 
higher voltage) equipments unless the 
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: eal equipment cost. 


that motors for 2,300-volt service are usu- 


ally 100 horsepower or larger and require - 
capacitors of the larger ratings which have A. shoe: 
~ relatively low unit cost. 


Applications involving 2, 300-volt. equip- 
ments should be considered individually. 


CoNnDITIONS FAVORABLE TO INDIVIDUAL- 


Moror Power-FActTor IMPROVEMENT 


1. Capacitors automatically switched. Ca- 
pacitors will be on only when needed and 


therefore will minimize plant-voltage rise 


at no load. 


2. Application engineering simplified. 
Capacitor rating may be selected from Table 
I 


3. Flexibility for plant rearrangements. 
When plant changes require rearrangement. 
of equipment the capacitor and motor can 
be moved together thus insuring proper 
power-factor improvement of vate motor at 
any. location. 


4. Simplified installation. |The capacitor 
and motor starter may be in a unit housing. 


CONDITIONS UNFAVORABLE TO 
InDIvIDUAL-MoToR POWER-FACTOR 
IMPROVEMENT Sy 


1. Price higher for equipments below 600 volts. 
This is shown in Figure 7. The price 
comparisons are on the basis of actual selling 
price and not on the installed basis. If the 
installation cost were included, the relation- 
ship would probably be even more unfavor- 
able to the individual-motor method since, 
generally, many small units cannot be in- 
stalled as cheaply as a few large racks in a 
group. This is particularly true when the 
type of equipment furnished for group- 
capacitor installations is shipped complete as 
a unit ready for service. Even though the 
unit-type capacitor and starter is used, 
which does not require any additional in- 
stallation expense for the capacitors, the 
group-capacitor method is cheaper. 


2. Poor use of investment. This is true 
when all motors are not on at the same time. 
In the average industrial plant only 25-75 
per cent of the motors are connected to the 
bus at the same time. 


3. Lack of interchangeability of motor equip- 
ment. Usually 220-volt motors can be rec- 
ommended for 440 volts but capacitors can- 
not. It is possible to use a 460-volt capaci- 
tor on 220 volts, but resulting in approxi- 
mately 25 per cent of the rated kilovolt- 
amperes. A 230-volt capacitor cannot be 
used with a 440-volt motor, although two 
230-volt capacitors can be connected in series 
for 440-volt motor service. 


4. Limitations in location. Capacitors 
for power-factor improvement of 5- to 25- 
horsepower motors for 220-, 440-, or 550-volt 
service are relatively large compared with 
the motor and may require special considera- 


° 
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Conclusions _— ee? ieee 


1. In applying cute Ganaeione? 7 “+ = 
terminals of induction motors for power- 
factor improvement, care should be exercised | 
in selecting the capacitor rating to avoid: 
(a). Overvoltage due to self-excitation. 

(b). Transient torques. 
(c). Overvoltage in disicatiendoree secondary 
circuits. 2 ae 


(d). Improper motor-overload protection. 


2. The data in Table I are a practical — 
guide in selecting the amount of capacitors } 
to be switched with a motor. s 


3. Generally, economic considerations | 
favor the group-capacitor installation for 
plant power-factor improvement when the . 
service voltage is below 600 volts; the indi- 
vidual motors are small, and the motor- — 
diversity factor is large. For other condi- 
tions individual comparisons should be made. ~ 
For maximum operating benefits the group- 
capacitor method usually will consist of — 
several blocks of capacitors automatically — 
switched. i 
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T now becomes possible to reveal the 

Bcomposition of a typical: war-plant 
electric distribution system (aircraft- 
engine manufacture). It is the hope of 
the authors that many of the principles 
and practices which have been embodied 
in this electric system can be adopted by 
others to effect the simplification and 
economies in power distribution that have 
been done in this instance. 
In December 1941 this nation was 
‘plunged into the present world conflict. 
Participation was no longer optional. In 
this, a mechanized war, there arose an 
immediate demand for almost every con- 
ceivable type of machine for use on land, 
on the sea, and in the air in unheard of 
quantities. It became essential that 
every man-hour of effort and every pound 
of material be made to yield the greatest 
return. 

The direct objectives considered fore- 
‘most in the creation of the electric system 
herein described included: 


1. Speedy completion. 


2. High utilization efficiency of material, 
particularly copper and steel. 


8. Conservation of man-hours in manufac- 
ture, installation, and operation. 

4. An electric system as nearly independ- 
ent of building structure as possible. 


5. The incorporation of an acceptable de- 
gree of electrical service reliability. 


6. Assured safety to equipment and per- 
sonnel. 


In the interest of speeding the work and 
securing the maximum degree of co- 
ordination and economic balance, the 
entire electric distribution system was 
negotiated as a-single project. The co- 
operative efforts of the Pratt and Whitney 
Aircraft Corporation; Albert Kahn, 
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on industrial power applications for presentation at 
the AIEE winter technical meeting, New York, 
N. Y., January 22-26, 1945. Manuscript sub- 
mitted November 27, 1944; made available for 
printing January 2, 1945. 
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Architects and Engineers; the General 
Electric Company; together with the 
Defense Plant Corporation, were enlisted 
to that end. Paul R. Olson of the East 


Hartford Pratt and Whitney organization | 


deserves particular credit for his untiring 
efforts in expediting this project. 


The Electric Distribution System 


A bird’s-eye view of the complete dis- 


tribution system is presented by the over- 


all one-line diagram, Figure 1. The 
several component parts as portrayed in 
this diagram represent the approximate 
geographical arrangement. 

In immediate evidence is the applica- 
tion of the load-center principle of power 
distribution which has been publicized 
quite widely: ‘Transmit power at the 
highest practical voltage. to relatively 
small distributed substations’. In this 
instance, primary distribution is accom- 
plished at 13.8 kv. 

Reliability of electric service is in- 
corporated in the form of the secondary 
selective arrangement in which each 
individual load circuit has access to an 


alternate independent source of low- . 


voltage power. This system has met its 
expectations with flying colors, possessing 
the following outstanding advantages: 


1. Both normal and emergency operation 
incorporate the simplicity of radial dis- 
tribution 


2. All circuit equipment normally shares in 
carrying the total load resulting in low power 
and reactive kilovolt-ampere loss, as well as 
better maintained delivered voltages. 


3. Emergency operation entails merely the 
opening of the low-voltage circuit breaker in 
the de-energized source and closing the tie 
breaker. 


It will be observed that effective dupli- 
cation of electric service is carried 
through to the incoming 110-kv supply 
system. The two co-ordinating primary 
feeders at each and every substation 
originate from different 13.8-kv busses. 
Both of the latter in turn may be ener- 
gized by either or both main transformers 
and, should a second 115-kv feeder be 
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added, from either or both incoming — 


high-voltage lines. 


In the belief that the most logical pres- 


entation will parallel the sequence fol- 
lowed in initial planning, the several 
specific load areas will be described first 


- and be followed by a description of the 


primary-feeder arrangement and main 
incoming-power substation. 


Main Factory Building 


The main factory building encloses 
under a single roof a ground area of 1,000 
feet by 2,000 feet. Operations are con- 
ducted on a single floor at ground level, 
with the exception of a mezzanine floor 
over about ten per cent of the area, mak- 
ing a total working floor space of about 
2,250,000 square feet. Of this total area, 
approximately 70 per cent is devoted to 
active manufacture; 15 per cent to rough 
stores; ten per cent to finished parts re- 
ceiving, assembly, and shipping; and five’ 
per cent to inspection. The mezzanine 
floor is allocated to inspection and a por- 
tion of the active manufacture. 

Supplying general-purpose power and 
light to this area are 16 load-center unit 
substations aggregating 30,000 kva, repre- 
senting about 13.3 volt-amperes per 
square foot of working floor space. In 
one load area, an additional load-center 
substation has been installed because of a 
high concentration of power in the form of 
heat-treating equipment. In general, the 
area served by a single substation is about 
250 feet by 500 feet, but is somewhat larger 
in areas characterized by lower power- 
utilization densities. In the rough- 
stores area the supply substation capacity 
is reduced by the application of 750-kva 
transformer units, in contrast with 1,000- 
kva units used elsewhere. 

The substations are installed in enclo- 
sures forming a part of ventilating-fan 
houses located on the building roof. The 
reasons for this selection are: 13.8-kv 
feeder cables are supported on racks close 
to the building roof; the bulk of the 
power is distributed to plug-in bus also 
located closer to the roof than to the floor; 
and the fact that the enclosures could be 
integrated with houses there located for 
other purposes. 

Equipment was hoisted through a 
large hatchway later closed with a re- 
movable wood cover. Each substation 
was handled in three pieces (the two 
Pyranol-filled transformers and the switch- 
gear section) using a portable A frame 
above the hatchway. The A frame has 
been retained for possible future use. 
The installation procedure was carried 
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Figure 1. One-line diagram of an elec- 
tric distribution system 


out without difficulty or incident. 

A photograph of an installed sub- 
station is reproduced in Figure 2. 
The electrical composition is por- 
trayed by the one-line diagram, Figure 
1. The high-voltage magnetizing-cur- 
rent switch on each transformer is key 
interlocked with the low-voltage main 
circuit breaker. Key interlocking is 
included to permit closure of the low- 
voltage tie circuit breaker only when 
one of the transformer secondary circuit 
breakers is open. 

Both power and light are served by 
common load-center unit substations 
using a 460—265 four-wire grounded- 
neutral system to supply 440-volt poly- 
phase motors in the normal manner and 
265-volt fluorescent lighting units from 
line to neutral potential. Plug-in bus is 
used to distribute power to the major por- 
tion of the load, consisting of distributed 
machine tools, so as to obtain the flexi- 
bility needed to accept fairly frequent 
rearrangement of machine tools for pro- 
duction efficiency, improvement, or 
changed requirements. 


Factory Power Distribution 


The manner in which low-voltage power 
is distributed from the load-center unit 
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substations to the plug-in bus sections for 
a typical unit load area is illustrated in 
Figure 3. Two adjacent 230-foot lengths 
of 250-ampere War Production Board 
approved plug-in bus are fed from their 
center point by an individual power 
feeder from the substation. To avoid 
operation at undue temperature on the 
plug-in bus, should the load be badly dis- 
proportioned among the four radial ex- 
tensions, a temperature alarm (including 
bell and lamp) is installed adjacent to the 
feeder tap on each bus section which will 
sound’ an alarm upon reaching an 80- 
degree centigrade operating temperature. 
A typical feeder tap to a plug-in bus sec- 
tion is illustrated in Figure 4, Each 
power feeder consists of three single-line 
conductors plus one bare neutral con- 
ductor, which conductors are spaced 
symmetrically by means of trisected 
porcelain support blocks. Individual 


Kaufmann, Kieb—Electric-Power Distribution 


1600 AMP 
(50,000 AMP INTER= 
RUPTING CAPACITY) 


P 
* (25,000 AMP 
INTERRUPTING 
CAPACITY) 
200 KVA 
ween aul COOK alow 3.8 KV way 600 AMP 
py roe 208/'' (25,000 AMP INTER- 
page = RUPTING CAPACITY) | 
¥ 225 AMP 
(15,000 AMP 
$ ay INTERRUPTING 
¥Y YY CAPACITY 


conductors are kept taut by straining 
them in the horizontal direction to struc- 
tural members of the building. The man- 
ner in which this is accomplished will be 
evident by inspection of Figures 4 and 8; 


Factory Lighting Distribution 


Fluorescent lighting was adopted in the 
interest of economy. On first thought: 
the copper and steel in fluorescent ballasts 
might indicate that incandescent lighting 
would have the advantage. But the 
greater light efficiency of fluorescent 
lamps reduces the power requirement o: 
the factory area by some 6,000 to 7,00( 
kw. The copper and steel which woulc 
be required in the complete electric sys: 
tem from prime mover to lamp to supply 
this additional load would exceed th 
copper and steel needed in the fluorescent. 
lamp ballasts. The material requirement 
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“of the 265-volt design are much less than 

for the 120- or 208-volt design. Also 
the supply of both light and power from 

“common load-center unit substations 

results in further economy of materials. 
An ingenious innovation is represented 

je by the suspension of a series of fluorescent 
units from an overhead messenger. cable. 
_A single number-12 conductor, in com- 


bination with the messenger as a ground - 


return, serves a four-kilowatt lighting 
load. 
A sketch showing the fundamental 


: aspects of factory lighting distribution is . 


| included in Figure 3. Ten 400-watt 
fluorescent fixtures are supported from 
- one overhead horizontal messenger cable. 
Each fluorescent fixture taps the number 
- 12 feeder line carried horizontally directly 
below the messenger through the fuse. 
‘Three such adjacent strings of fluorescent 
lights are fed from a three-phase tap 
from the main lighting feeder through 
circuit breakers located in a building 
column five feet above floor level. 
_ The resulting lighting in this plant is 
excellent. The relatively low intrinsic 
brilliance of fluorescent lamps, together 
with their location about 16 feet above 
floor level, produces the effect of a ceiling 
of soft light and almost complete absence 
‘of shadow. It has been observed that 
this ceiling of light tends to obscure 
equipment mounted above that level and 
effectively hides the maze of pipes, cable- 
ways, vertical suspension members, and 
the like, which had been expected would 
constitute an eyesore. Experience to 
date indicates that an average fluorescent 
lamp life in excess of 7,000 hours is being 
obtained. 

To supply a relatively small amount of 
120-volt power to column receptacles for 
miscellaneous hand tools, portable lights, 
and so forth, and for lighting and re- 
ceptacle power in basement washrooms, 
small air-cooled transformers are dis- 
tributed over the factory area, taking 
single-phase power from the 480-volt 
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system and converting it to 240-120 volt. 
This power is distributed by branch cir- 
cuits of relatively short length. 


Capacitor Application 


About 10,000-kva in capacitors have 
been applied to the 480-volt distribution 
system, in 90-kva blocks directly adjacent 
to the feeder tap in the plug-in bus. 
The principal reason for the capacitive 
kilovolt-amperes is a power-contract 
power-factor clause limiting the power 
factor to not less than 0.975 lagging. By 
absorbing the reactive kilovolt-amperes 
near its origin (machine-tool load), the 
reactive kilovolt-amperes and power loss 
which would be incurred by transmission 
through the distribution system is 


’ avoided. 


Capacitor application constitutes an 
extremely flexible means of enhancing the 
load-carrying ability of a particular load- 
center unit substation. Figure 5 defines 
the increase in load which may be ac- 
cepted in combination with a particular 
amount of capacitor kilovolt-amperes, 
for a basic load power factor of 0.6 and 
0.8 lagging. With a load power factor of 
0.6 lagging (typical of machine-tool 
load), it will be observed that the amount 
of such load which can be accepted by a 
1,000-kva substation without exceeding 
its rating can be increased to 1,300 kva 
by the application of 420 kva in capaci- 
tors. Thus an excess machine-tool load 
of 300 kva could be accepted, as needed at 
an investment cost of $11 per kilovolt- 


Figure 2. Typical 
2,000-kva 13,800- 
to - 480-277 - volt 
secondary selective 
factory load-center 
unit substation 
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anpere (420 kva of capacitors at $8 per 
kilovolt-ampere installed), which is no 


greater than the cost of increased capacity — 


in the basic power-distribution system. 
Grounding System 


Considerable study was given to the 
attainment of an adequate grounding 


system, which assumes particular signifi- 


cance in reinforced-concrete building.con- 
struction. 
ground current between various metallic 
members or structures is to be avoided. 
It is particularly important that there 
exist a positive direct path to the supply 
transformer neutral to conduct ground- 
fault current during the existence of a 
circuit ground fault to avoid sputtering or 
arcing between metallic members which 
may be in light contact and to avoid 
differences of potential between exposed 
metallic bodies, which might constitute a 
hazard to personnel. 

Beneath each substation are driven 
four */,-inch diameter, ten-foot-long Cop- 
perweld ground rods interconnected with 
the associated substation neutral bus. 
At each station these are bonded to heavy 
water mains, which in general traverse 
the plant in the north-south direction. 
Between adjacent unit load areas in the 
east-west direction, the 4/0 neutral cable 
of the outermost power feeder is con- 
tinued and joined to the corresponding 
neutral in the next adjacent load area, 
and the lighting messenger cables are 
interconnected electrically from one load 
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Figure 3. Low-voltage distribution pattern 
from factory substations 


Main factory building: typical unit distribu- 
tion 

|. Typical power-distribution feeder 
A—4/O neutral to next area 

B—9250-ampere plug-in bus 
C—Power-factor capacitors applied 

D—Three 350,000-circular-mil conductors; 

one 4/0 neutral 


Il. Typical lighting-distribution feeder 
A—Three number-four conductors; one num- 
ber-six neutral 
B—Messengers spaced approximately 15 feet 
C—Steel messengers 
D—Ten 400-watt fluorescent units suspended 
from this messenger 
E—Number-12 copper 
F—Three number-12 in conduit 
G—Column switches at floor level 


area to the next. This entire grounding 
system is interconnected with the main 
substation grounding system by way of 
the main water-piping system and the 
metallic sheaths of the multiplicity of 
power feeder cables. 


Office Building 


The office building covers an area of 80 
feet by 2,000 feet and is in contact with 
the long dimension of the main factory 
building. This portion of the structure 
incorporates a basement, a first, and a 
second floor. The basement, devoted to 
storage and a small amount of miscellane- 
ous machinery and with fairly low illumi- 
nation levels, represents an area of low 
electric-load density. The first and sec- 
ond floors are devoted to active office 
service, including normal illumination 
intensities, column-mounted fans, and 
the usual array for electrically operated 
business machines. 

This load area is served by four load- 
center unit substations of secondary 
selective design, functionally equivalent 
to those located in the factory, differing in 
that the low-voltage service is 208-120 
volt and individual Pyranol transformers 
are rated 200 kva. The aggregate sub- 
station capacity of 1,600 kva can ac- 
commodate an electric-load density of 
two volt-amperes per square foot in the 
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basement area and four volt-amperes per 
square foot on the first and second floor. 
(Lighting on the first and second floors 


accounts for between two and three volt-. 


amperes per square foot.) 

These substations are located in houses 
(wood construction) on the factory roof 
directly adjacent to the office building. 
An illustration of one installation appears 
in Figure 6, The low-voltage feeders 
from each substation drop through the 
factory roof and then are carried hori- 
zontally, and the same type of construc- 
tion is used as for factory feeders. At 
appropriate points, branch circuits are 
carried through the wall to the office 
building and dropped vertically in con- 
duit to supply distribution cabinets at 
the second, first, and basement floor 
levels. The detail arrangement of this 
low-voltage feeder system is portrayed 
schematically by the sketch, Figure 7. A 
section of the horizontal feeder array be- 
neath the factory roof adjacent to the 
office building is shown in Figure 8. 

From the wall distribution cabinets, 
conventional distribution practice is fol- 
lowed using conduit for permanent in- 
stallation, such as lighting fixtures and 
Walker underfloor duct for flexible in- 
stallation of business machine and other 
electrical outlets. 


Engine Test and Dynamometer Area 


This section of the plant is devoted to 
production and experimental engine test- 
ing and occupies an area of 250 by 900 
feet. Each production test cell requires a 
250-horsepower blower motor together 
with several small motors, driving fans 
and pumps, and special interior lighting 
of explosion-proof character. There are 
associated areas requiring illumination 
equivalent to that provided in the factory 
area with relatively low power load 
density. That portion devoted to ex- 
perimental engine test involves electric 
power requirements similar to those of the 
production test area but in addition in- 
corporates electrical-test dynamometer 
equipment of which the present equip- 
ment utilizes two 1,250-kva and one 
750-kva synchronous rotating machines. 
There are also a number of motors of 300- 
and 600-horsepower rating. 

Serving this load area are three unit 
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kv, using the secondary selective princ 
incorporating individual transformers 
2,500-kva normal rating (3,125 kva with, 
supplementary cooling) in combin 
-with metal-clad vertical-lift swite 
sections utilizing Magne-blast circuit 
breakers of 50,000-kva interrupting capac- 
ity. The two complementary sections of 
the substation are installed face to face, 
as illustrated in Figure 9. The tie: 
breaker is installed in one lineup, and the? 
bus from the other section is extended by 
means of 500,000-circular-mil three-con- 
ductor five-kilovolt cable. ae | 
The stator circuit of each 2,300-voltt 
machine is connected directly with its: 
respective switching position in the metal-. 
clad lineup by means of three-conductor: 
five-kilovolt cable. In general, the nor-- 
mal control of each motor circuit breaker 
is from a control panel adjacent to the; 
controlled machine. Figure 10 shows aa 
group of synchronous-motor field oe 
on each. of which is mounted the control 
switch which actuates the circuit breaker 
in the metal-clad structure. The metal— 


clad circuit-breaker position contains a2 
permissive control switch, which allows: 


s | 


Figure 4. Typical construction employed fo 
factory 480-277-volt feeders ; 
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the circuit breaker to be tripped locally 
and can be positioned to prevent closing 
_the breaker from the remote station. . 

, Small motors and general-purpose light- 
ing are served by load-center unit sub- 
‘Stations supplying 460-265-volt service, 


which closely resemble those employed in 


qhe factory area, except that they are of 


smaller rating and are served at 2.4-kv 


from the main stations. A typical unit 
is illustrated in Figure 11. For the 
special test-cell lighting and some other 
miscellaneous load demanding 120-volt 
“service, there are provided small load- 
center unit substations delivering 208- 
120-volt service. A consideration of 
these several auxiliary load-center unit 
_ substations as to unit capacity, switching, 
and protection requirement, indicated 
that they could be served more economi- 
cally at 2.4 kv through the larger substa- 
tions than directly at 13.8 kv. 


Boilerhouse Area 


The electric-load demands in the boiler- 
house closely resemble those of the engine- 
test and dynamometer area. A _ sub- 
_ stantial number of motors with ratings in 
-excess of 100 horsepower are employed 
for powering cooling-tower fans, air com- 
_pressors, water-circulating pumps, and 
fire pumps which were most effectively 
served at 2.4 kv. In addition, there ex- 


ists the usual array of boilerhouse small 
auxiliaries in the form of fans, blowers, 
and pumps, which are best adapted to 
low-voltage service. 
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iter 5. 
showing increased 
LOAD CENTER _ machine-tool load 
_ UNIT SUBSTATION _ permissible —with 
: capacitor assistance 


A—Load power fac- 


tor = 0.6 
- B—Net power fac- 
tor = 0.9 
C—Load power fac- 
tor = 0.8 
D—Net power fac- 
tor = 0.9 


Serving this load is one secondary 
selective substation converting from 13.8 
kv to 2.4 kv with component parts dupli- 
cating those employed in the test-area 
substations. Considerations of floor area 
made an end-to-end installation arrange- 
ment preferable, as illustrated in Figure 
12. Low-voltage power is supplied by a 
load-center unit substation delivering 
460-265-volt service in the same manner 
as was done in the test area. 


Figure 7. _Low- 

voltage distribution 

pattern from office 
substations 


Typical unit distribu- 
tion for office build- 
ing 
A—Three 4/0 conductors; one 1/0 neutral 
B—To each floor: three number four, one 
number-six neutral in conduit 
C—Strained horizontally along office wall 
in the factory area 


The electrical demands in the boiler- 
house area are at their maximum level 
during the summer months, when the re- 
frigerating plant assumes its maximum 
demand. During that season the sub- 
station is loaded to its rated capacity. 

To insure the maintenance of an ade- 
quate ground system for the boilerhouse 


Figure 6. Typical 
400-kva 13,800-to- 
208-120-volt sec- 
ondary selective of- 
fice load-center unit 
substation 
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area, which j is Rane set aa from — 
the remainder of the plant building, — 
ground cables are installed interconnect-_ 


ing the local boilerhouse ground system — oe 
with the main substation ground network __ 
paralleling the interconnection formed by — coh 
the 13.8-kv-feeder cable sheaths. A 
multiplicity of water pipes also inter- 


connects thé boilerhouse and factory — 
ground systems, 


13.8-Kv Feeder Cable System 


All power is distributed from the main — 


substation by means of three-conductor — 
15-kv leaded cables with asbestos tape 
and red flameproof paint. The ma- 
jority of feeder cables are composed of © 
3/0 conductor, representing an economi- 
cal balance between copper and sheath- 
metal requirements. Several cables em- 
ploy a number 2 conductor, which repre- 
sents about the smallest size which can be 
employed safely with a 250,000-kva short- 
circuit level at the source end. Instan- 
taneous attachments on these feeder-. 
cable protective relays are applied and 


(7 208/120 
pee / 


i) oa 
IR aN FLOOR 


~—— Ist FLOOR 


required to avoid the attainment of 
damaging copper temperature due to 
ptimary-circuit fault-current flow. 
Except for circuits leading to the boiler 
house, the 13.8-kv cables are supported 
on wood lattice* racks or troughs sus- 
pended from the building roof above the 
level of the illumination fixtures. This 
method of handling cable runs possesses 
many admirable qualities, which can be 
used advantageously in future applica- 
tions. 
tion of building structure is needed. 
Cables are easily pulled into place. In 
the present instance, full reel lengths of 
1,000 feet were pulled into place without 
the slightest difficulty. To assist in 
pulling around corners, a jig was prepared 
which forms a 24-inch radius arc, around 
the periphery of which a number of wood 
rollers were arranged. By temporarily 
clamping this jig at a corner, the cable 
was swung around a 90-degree turn with a 
very small amount of drag. Splices can 
be made at any spot along the trough. 
Cables are cut only when a point of 
termination is reached. The entire 
length of cable is accessible after installa- 
tion. Repairs can be made with nos 


* It is recognized that this does not comply with the 
National Electrical Safety Code requirements, but 
it is applicable as a method of.meeting wartime 
conditions. 
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Figure 8. Typical view of office main 208- 
120-volt feeders showing branch-circuit tap 


waste of cable and without disturbing any 
section of the cable other than a damaged 
portion. Permissible current load levels 
are no less and may be greater than those 
permitted in underground runs. Typical 
views of the installed cable way are in- 
cluded in Figures 4 and 8. Though the 
appearance of the cable trench itself is 
not particularly pleasant, it is, as in- 
stalled, obscured effectively by the blan- 
ket of light produced at the level of the 
lighting fixtures. As metal again be- 
comes available, its use would permit 
efficient lightweight compact trough 
construction possessing a neat appear- 
ance. 

The quadrature arrangement of pri- 
mary feeders used in the factory area is 
believed worthy of note. Should an 
outage of one primary feeder occur, the 

- several affected stations each will derive 
its emergency load from different primary 
feeders.. Thus the emergency load re- 
sulting from the loss of one primary 
feeder is distributed among four other 
feeders. It also will be evident that the 
two feeder cables, to any one substation, 
traverse entirely different routes and thus 
are unlikely to be disrupted simultane- 
ously. 


Main Incoming-Power Substations 


The incoming-power substation ac- 
cepts power at 110 kv, converts to and 
distributes at 13.8 kv, to the various 
unit substations previously described. 
Provision also is included for interconnec- 


Gad 7 ye ~. 
I fa. ote R 


tion with 33-kv service. The electrical 
features will be evident by reference to 
the over-all one-line diagram, Figure 1. 
Principal equipment items include: 


Outdoor equipment: 

Two 20,000-kva forced-oil air-pressure- 
cooled three-phase transformers, 110-kv 
delta high voltage, .13.8-kv wye low voltage, 
with four 21/2 per cent taps below normal in 
the 110-kv winding. 

One 10,000-kva oil-immersed self-cooled 
three-phase transformer, 110-kv wye high 
voltage 33-kv wye low voltage, and 13.8-kv 
delta tertiary with two five per cent taps 
above and below normal in the 110-kv wind- 
ing. — 

One 115-kv oil circuit breaker with isolating 
and by-pass disconnect switches. 


One 33-kv oil circuit breaker with isolating 
and by-pass disconnect switches. 


Three 115-kv transformers, high-voltage 
disconnect switches, horn gap. 


One substation structure, wood construc- 
tion. 


Grounding resistor for the 13.8-kv system. 

Auxiliary equipment including lightning 
arresters, potential devices and current 
transformers. : 


Indoor equipment: 

Two metal-clad switchgear assemblies, 
vertical-lift type, 250,000-kva interrupting 
capacity. ; 
One duplex control board, control power 
battery, battery-charging equipment, and 
battery distribution panel. 


Main 20,000-Kva Transformers 


Forced-oil air-pressure cooling of the 
main 20,000-kva transformers was adop- 
ted primarily as a material conservation 
means. Subsequent experience indicates 
that it merits extensive use at attended 
stations. The smaller size and lighter 


Figure 9 (left). View of typical 5,000-kva 

13.8- to 2.4-kv secondary selective test-area 

unit substation with the two sections mounted 
face to face 


Figure 10 (right). A group of typical syn- 
chronous-motor field cubicles from which 
motor control is effected 
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weight facilitate transportation” 


slightly more than those of the conven- 


tional transformer design, and are much 
more than offset by the reduced purchase 


price. 


be cut off, removed, and replaced without 
disturbing the other. The loss of one 


pump results in only a slight decrease in | 
heat-dissipating efficiency. The oil-to- 
air exchanger consists of a multibank 
radiator with a multiplicity of cooling 


fans, which may be~sectionalized in 


groups of three. Operating power for 
fans and pumps is derived from control 
power transformers included in the indoor 


metal-clad structure. 


The split 13.8-kv winding design as 
in the main transformers 


employed 
accomplishes the following: 


1. Each transformer serves as a source to | 
two bus sections, permitting continued | 
operation of both busses with one trans-— 


former out of service; without the aid of 
external reactors or bus-tie cireuit breakers. 


2. Short-circuit interrupting requirements 
are controlled by inherent transformer re- 
actance. 
tion is such as to make the external charac- 
teristics equivalent to two independent 
10,000-kva units. 


3. All circuit breakers are of identical rat-— 


ing (600 amperes). 


4, A change in voltage ratio of the main 
power transformers is accomplished easily 
without de-energizing either bus section. 
One transformer may be de-energized, its 
ratio changed by one tap, and then restored 
to the system, following which the same 
procedure would be repeated on the second 


transformer. The temporary circulating — 
current in the transition stage will be 


limited to a small fraction of rated value. 


The neutrals of both 13.8-kv winding 
sections are interconnected and brought 


} : ae 
The oil circulating system contains 
two pumps in parallel, each of which can 


The internal winding configura-— 


odin} | 
stallation. The total losses are only 


out to permit grounding. The high-. 


voltage winding is connected in delta to 
stabilize magnetically the . three-phase 
transformer and also to make the ground- 
ing systems of the 13.8-kv and the 110-kv 
system independent. Each transformer 
13.8-kv neutral is grounded through an 
outdoor-service grounding resistor, limit- 


ing the ground fault current ‘to a low 
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value, (not exceeding 1,000 amperes). 


“manner maintains the system voltage 
normally symmetrical with respect to 
ground, provides a source of ground cur- 
rent for fast ground-fault relaying, 
minimizes transient-voltage surges re- 
sulting from switching operations, and is 
free from excessive. overvoltages of 
pve restrike origin. 


Auxiliary 10, 000-Kva Transformer 
f 
The size and design af ioe 10,000-kva 
uxiliary transformer was worked out in 
conjunction with the affiliated power 
utility company. The 110-kv and 33-kv 
_ windings are connected in wye to provide 
_ means of grounding these neutrals and-to 
establish zero-phase shift between the 
1t0- and 33-kv terminal voltages. A 
“necessary tertiary winding was wound for 
13.8 kv and connected so that the result- 
ing terminal voltage agrees in phase with 
that derived from the main transformers. 
The function of this transformer is 
threefold: 


A; To supply 13. 8-kyv power on a tempo- 
rary basis from the 33-kv system for initial 
- plant operation (3,500 kva maximum). 


2. To serve permanently as a means of 
securing emergency power, in limited 


Figure 12. View of 5,000-kva 13.8- to 2.4-kv boilerhouse 
unit substation with the two sections mounted end to end 
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_ Grounding of the 13.8-kv neutral in this. 


ig ure 42 
of typical 600-kva 
2,400 to-480-277- 
volt secondary selec- 
tive load-center unit- 
substation 


amounts, from the 33-kv system should the 
110-kv supply be interrupted. 


3. To provide means of transferring power 


-from the 110-kv to the 33-kv system. 


Prior to the availability of 110-kv 
power, this transformer served a number 
of unit substations in a temporary tool- 
shop area, enabling the manufacture of 
tools and jigs to be initiated. About 
400,000 square feet of working area was 
being served in this manner at the time 
primary power became available, al- 


though power-load levels were subnormal 


as would be expected (about 1,000-kva 
power load and approximately 400-kva 


lighting load). 


Grounding System 


The grounding system at this station 
involves a multiplicity of driven Copper- 
weld ground rods distributed over the 
outdoor substation site. The installation 
of an inverted tile, flush with the ground 
surface and equipped with a wood cover 
at each ground rod, serves to keep the 
ground-rod terminal clamps out of con- 
tact with the earth, thus minimizing 


corrosion, and makes each connection 


accessible for inspection or measurement 
of resistance. Ground cables are ‘in- 
stalled leading to the indoor station, 


Figure 13. 
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View” 


Front view of main substation 
duplex control board 


paralleling. the: incoming 13.8 8-kv power | 


cable sheaths and integrating the ground- = 


ing system of the entire pet ot acorn} 


Indoor Station f. ; ec 


ae end wall, inalvides two Sea a “a 
15-kv vertical-lift metal-clad switchgear _ a 


(250,000-kva interrupting — capacity), 


through: which the 13.8-kv power is © 


directed to plant feeders. Between these* 
two sections is located a duplex board at — 


which the primary control of the station 2 
is affected. z 
The front of the duplex board is de- ' = 


voted to the control of the 110-kv, 33-kv, . 
and 13.8-kv transformer circuits; primary ~ 
station metering and indicating instru- 
ments; and the master annunciator; 
arranged as shown in Figure 13. The — . 
rear of the duplex board is devoted to re- 
lays associated with incoming-power cir- 


cuit protection up to the 13.8-kv metal- 


clad busses; and switching equipment for 
the station a-c auxiliary power, the appear- 
ance of which is illustrated in Figure 14. 

Both sections of the metal-clad switch- 
gear are assembled to be symmetrical 
with respect to the central duplex board. 
Incoming-power circuits are adjacent to 
the duplex board, and feeders for the 
various services appear in successive 
order. One switchgear section is illus- 
trated in Figures 15 and 16. Circuit- 
breaker controls, indicating instruments, 
and relays for each feeder circuit are 
located on the corresponding metal-clad 
unit, although the opening of any feeder 
breaker will be announced and identified 
by an annunciator drop at the duplex 
board. 

Outgoing feeder cables leaving the 
metal-clad structure are racked in a 
cable trench with a removable cover (see 
Figure 16), from which they pass through 
the adjoining wall into the factory build- 


Figure 14. Rear view of main sub- 
station duplex control board 
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ing. They then are run up to the over- 
head cable troughs as illustrated in 
Figure 17. 

Auxiliary a-c control power for main- 
transformer auxiliaries, indoor and out- 
door station lighting, and control-battery 
charging is supplied by one 25-kva trans- 
former, with a 208-120-volt low-voltage 
winding, incorporated in one unit of each 
metal-clad assembly. The auxiliary load 
normally is proportioned between the 
two units, but provision is made for 
switching the total load to either trans- 
former in an emergency. Essential sta- 
tion lights are equipped with an auto- 
matic transfer relay, by which they are 
energized from the control battery, 
should the normal source fail. The 
emergency lighting circuit is fused sepa- 
rately at the battery distribution panel. 
The control battery, associated charging 
equipment, and distribution panel are 
installed in an adjacent room. 


Interlocking 


The electrically operated high-voltage 
horn-gap disconnect switches associated 
with the 20,000-kva transformers are 
interlocked electrically, with their re- 
spective low-voltage circuit breakers per- 
mitting them to be opened only when 
both low-voltage circuit breakers are 
open. The manually operated ratio- 
adjuster switches on these transformers 
also are interlocked to permit operation 
only when both the high-voltage discon- 
nect switch and the two low-voltage cir- 
cuit breakers are open. An inherent 
feature of vertical-lift metal-clad switch- 
gear is an interlock, which prevents the 
circuit breaker from being moved to the 
disconnect position with the circuit- 
breaker element closed. 


Relaying 


All 13.8-kv feeder units are equipped 
individually with inverse-time over- 
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Figure15(left). Front — 

view of one section 

of the 13.8-ky main 

substation _vertical-_ 

lift metal-clad switch- 
gear 


Figure 16 (right). 

Rear view of metal- 

clad switchgear sec- 

tion shown in Figure 
15 


current line and ground trip relays, the 
former co-ordinated to be selective with 
unit substation switching equipment. 
Instantaneous attachments, set above the 
current level obtained with a unit substa- 
tion low-voltage bus fault, also are applied 
to avoid damaging internal temperature 
on the number-2-conductor feeder cables 
by shortening the clearing time in the 
presence of high fault-current magnitudes. 

The 13.8-kv incoming-power circuits 
are equipped individually with inverse- 
time’ overcurrent line and ground relays 
co-ordinated to be selective with feeder- 
circuit line- and ground-relay protection. 

Transformer differential-relay protec- 
tion is applied to each of the 20,000-kva 
and the auxiliary 10,000-kva_ trans- 
formers. While the absence of indi- 
vidual high-voltage circuit breakers re- 
quires that the entire system be de- 
energized, the differential protective re- 
lays minimize internal damage by 
promptly interrupting the source of 
power, and, by relay targets, identifies 
the unit in trouble, enabling it to be 
isolated immediately and service restored 
promptly on remaining equipment. 

The 110-kv incoming-line circuit is 
provided with inverse-time overcurrent 
line and ground relays, the former selec- 
tively co-ordinated with 13.8-kv switch- 
ing equipment and the latter co-ordinated 
with ground relaying at the source end of 
the line. Power directional relays di- 
rected outward are applied to obtain 
automatic opening of the 110-kv oil cir- 
cuit breaker as a result of external trouble 
on the 110-kv line. 

The 33-kv incoming-line circuit is 
equipped with inverse-time overcurrent 
line and ground relays, together with 
power directional relays, selectively co- 
ordinated with remotely located 33-kv 
protective equipment. 

A few words might be devoted appro- 
priately to an explanation of how the 
13.8-kv neutral grounding improves the 
fault protective picture. The 13.8-kv 
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ground-relaying system involves only © 
those circuit elements intervening be-_ 
‘tween the transformer low-voltage neu- 
tral and the terminals of the 13.8-kv 


feeders. All circuit faults within. this 

zone involving ground can be isolated 
correctly more rapidly, and with a greater — 
margin of selectivity. Except for tran- 

sitory surges of very short duration, 

no ground current flows in healthy 

feeder circuits. Feeder_ground relays 
may be made sensitive and fast. Cir- 

cuit faults involving only ground during . 
the clearing interval will be subjected 

to only the limited ground fault current, 

thus further limiting the energy liberated 

at the fault. In the system here used, 

the flow of ground fault current in the 

13.8-kv system does not result in ground 

current flow in circuits operating at other 

voltages. Neither will ground current 

flow elsewhere cause current flow in the 

13.8-kv ground-relaying system. 


Metering 


The main substation incorporates the 
following instrument and metering equip- 
ment: 

Ammeter in the 110-kv incoming line. 
Ammeter in the 33-kv line circuit. 
Voltmeter for each 13.8-kv bus. 
Ammeter in each 13.8-kv incoming line. 
Wattmeter for each 13.8-kv bus. 


Watt-hour meter for each 13.8-kv bus with 
totalizing demand meter. 


Reactive kilovolt-ampere-hour meter for 
each 13.8-kv bus with totalizing demand 
meter. 


Ammeter in each 13.8-kv outgoing feeder. 


Watt-hour demand meter in each 13.8-kv 
outgoing feeder. 


Annunciator | 


To expedite station operation, a 30- 
drop annunciator with audible alarm sig- 
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; g pump stoppage or aesliaiye 
failure at prnasloracss lor2. 


ot ee in transformers 1, 2, or the 
wuxiliary 10,000 kva. 
ertemperature in transformers 1, 2, or the 
auxiliary 10,000 kva. 
pening of the following circuit breakers, if 


. the control switch was moved to the close 
. Position last: 


eh incoming oil circuit breaker. » 
3-kv incoming circuit breaker. 


“Bach — the 13.8-kv incoming-power circuit 
breaker: 


Each of the 13.8-kv feeder breakers (the 
four factory-feeder circuit breakers on each 

Dus section operate a common annunciator 
drop). ; ~~ 


Se rerating Experience 


fg 
aa 


‘Operating experience with this electric 
system has been remarkably good. The 
few exceptions to an otherwise perfect 
record were not of serious character and 

“occasioned no loss of sleep. 

_ Initially, some trouble was encountered 
in the 13.8-kv cable terminal potheads 
requiring that the circuits be de-energized 
successively, the potheads opened, and 
‘modifications made. The advantages of 
the secondary selective system became 
clearly evident during this procedure. 
The necessary modification work was 
carried out without the loss of power at 
any station and without the use of aux- 
iliary makeshift power supply equipment. 

A number of faults have occurred in the 
plug-in bus resulting from the accidental 
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‘chief - 
L serves ‘to announce and 
f the following occurrences: 


Figure 17. View of the 13.8-kv cable feed- 
ers as they leave the main substation and pick 
up overhead troughs 


insertion of wire or small diameter rod 
through the expanded metal side barriers. 

Substation electric loads consistently 
are approaching closely’ the present in- 
stalled capacity. A number of stations 
are operating at substantially full rated 
value while others at present generally are 
loaded to between 50 and 75 per cent of 
their ratings, but subsequent increases of 
10 to 15 per cent are expected. 


Summary 


It may be concluded, without reserva- 
tion, that the application of load-center 
distribution principles as herein described 
was responsible for an amazing reduction 
in material investment, principally copper 
and steel, compared with that which 
would have been required by power-dis- 
tribution methods employed only a short 
time ago. In the planning of this proj- 
ect, the greatest emphasis constantly 
was placed on conservation of materials. 
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The use of omen eats fanti-- 


stations do realize good economy in. 


_ materials and man-hours, and at the same _ 
_ time incorporate simplicity and safety. 


Unusual features incorporated in this 
system, which in themselves are responsi- 


-factured metal-clad, load-center unit aie Se 


ble for large savings in material, man- 


hours, or both, include: % 


1. The application of forced-oil air-pres- 
sure cooling to the main incoming service 
transformers. 


2. Theuse of overhead high-voltage feeder- 
cable troughs. 


3. The use of spaced single-conductor low- 
voltage feeder design with moderate unit 
copper cross sections. 


4. The use of 265-volt fluorescent lighting — 


in combination with common load-center 
unit substations for serving power and light. © 
(This feature alone accounts for a saving of © 


‘\ 


five tons of copper and ten tons of steel com- | 


pared with the most economical method of 
applying 120-volt fluorescent lighting. 


The secondary selective system design 
offers a well-balanced combination of 
simplicity and service reliability. 

The negotiation of the entire distribu- 
tion system as a single unit proved highly 
beneficial in reducing the time of execu- 
tion and insuring the best co-ordination 
between the several component portions. 

As the supply of steel becomes less 
critical, it would seem reasonable to re- 
turn to the use of steel construction in the 
outdoor station and to more effective 
metal-clad construction in low-voltage 
feeder circuits and plug-in bus. 

It is the sincere hope of the authors 
that some of the features herein des- 
cribed, which have proved so beneficial 
in this installation, may in some small 
measure assist others to realize an im- 
proved more economical industrial dis- 
tribution system in the future. 
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P® the calculation of performance of 
synchronous machines has been made it 


has become necessary to specify their 
characteristics with continually greater 


iw 


accuracy. The predetermination of short- 


‘circuit currents, voltage dip on sudden 
application of load, stability character- 


istics during system disturbances, excita- 
tion requirements, and many other char- 
acteristics has been made possible by the 


- development of an adequate theory, con- 


firmed and refined by operating and test 
experience. The machine characteristics 
commonly used to predict performance 


usually are specified in terms of various 


reactances and time constants. As the 
number of these quantities and the ac- 


~ euracy to which they must be known. has 


increased, certain inconsistencies among 
methods of definition, calculation, and 
test have become apparent. These should 
ideally all result in the same value. If 
they differ, one naturally. would be in- 
clined to consider the test value as the 
true reactance. In any case in which a 
reactance of a particular machine is speci- 
fied, a method of testing for that react- 
ance also must be specified, and any other 
definition of the reactance has little prac- 
tical significance. 
criterion of a good method of calculating 
the reactance is that it predict as nearly 
as possible the value which will be found 
by the specified test method. It, of 
course, can be asked legitimately whether 
the specified reactance is the proper one 
in view of the use to which it is to be put, 
and the definition is intended to describe 


the reactance so as to answer this ques- 


tion. 

The reactance found by test will be af- 
fected by errors in the method of test (as 
for example, nonsimultaneous short cir- 
cuit of all three phases in case of three- 
phase short-circuit tests), by the condi- 
tions of the machine under test (as for 
example, the degree of saturation corre- 
sponding to the voltage used), by errors 
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ary 22-26, 1945. Manuscript submitted October 
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of measurement and calibration, and by. 


the technique of measurement. 

The purpose of this paper is to present 
the results of a comparison of the values 
of reactance which might be found by 
recommended test procedures with the 
values calculated by well-established 


formulas, as affected by the machine ~ 


characteristics, and by nonsimultaneous 
closing of the test circuit-breaker contacts. 
A three-phase short-circuit test on a 


‘ salient-pole synchronous machine was 


simulated by setting up the proper equa- 
tions on the differential analyzer. The 
effect of saturation was not considered, 
and the precision of measurement of the 
current curves was undoubtedly greater 
than would be possible for an actual oscil- 
logram so that the variations obtained 
were inherent in the method. 

Only two of the several reactances, the 
direct-axis transient reactance and the 
direct-axis subtransient reactance, have 
been studied. The direct-axis short-cir- 
cuit transient and subtransient time con- 
stants also have been considered but in 
less detail. 


© 


Definition of Machine Quantities 


In the AIEE Test Code for Synchro- 
eus Machines (January 1944 revision), 
the definition of direct-axis transient re- 
actance (xq’) is given as! 


“1.840 The direct axis transient reactance 
is the ratio of the fundamental component 
of reactive armature voltage, due to the 
fundamental direct-axis a-c component of 
the armature current, to this component of 


_current under suddenly applied load condi- 


tions and at rated frequency, the value of 
current to be determined by the extrapola- 
tion of the envelope of the a-c component of 
the current wave to the instant of the sud- 
den application of load, neglecting the high- 
decrement currents during the first few 
cycles.” 


In this definition the transient react- 
ance is defined both in terms of the funda- 
mental component of armature current 
and of the envelope of the a-c component 
of the current. The phase currents ob- 
tained after the three-phase short circuit 
even of an idealized machine contains 
second harmonics which may have ap- 
preciable magnitudes. In an actual ma- 
chine having saturation, hysteresis, and 
eddy currents, the current may contain 
other harmonics as well. Even in the ideal 
case, with only second harmonics present, 
it would be extremely difficult and im- 
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hae 


“Measurement of Machine 


The definition of | 
sient reactance is? 


axis a-c component of armature c 
this component of current under udd 
applied load conditions and at rated fre 
quency.”’ eee 
ag 


Reactances ; +f 


Testing and measuring procedures 
the determination of the direct-axis tr 
sient and subtransient reactances have 
been given in reference 1 and are repro- 
duced as follows: a | 
“Drrrcr Axis TRANSIENT REACTANCES | 
(xq’); DETERMINATION BY TEST :| 
“1.843 The direct axis transient reactance j 
is determined from the current waves of a | 
three-phase short circuit suddenly applied 
to the machine operating at no load and © 
rated speed. The direct axis transient re- 
actance is equal to the ratio of the no load 
voltage to the corresponding value of the — 
armature current given by the extrapolation 
of the envelopes of the a-c components of the 
armature current waves to the instant of the 
sudden application of the short circuit neg- _ 
lecting the high decrement currents during — 
the first few cycles. Figures 26 and 27 }| 
(Figures 26 and 27 of the Test Code are 
Figures 14 and 15 of this paper) illustrate 
this method of determining the direct axis — 
transient reactance. ; | 


‘1.844 In plotting the current values from 
the oscillogram, the first peak should be plot- | 
ted at the abscissa 1, and subsequent peaks 

numbered consecutively. 


The positive 


AXIS 


| 

(B) QUADRATURE AXIS : 

1 
a 


Figure 


Synchronous-machine equivalent 
circuits 


ELECTRICAL ENGINEERING. 


Figure 2. Effect of x,”/xq” on measured 
t subtransient reactance 


The current values from the oscillograms 
should be plotted first, and then the median 
, line and the a-c component. These curves 


coordinates, and are most conveniently 
analyzed if the currents are expressed in 
. er-unit values, with thé unit value equal to 
‘the peak value of the rated current wave. 
Gee Figure 26.) 


845_ The a-c component Shean then be 
‘replotted on semi log scales with the cur- 
rent on the logarithmic scale together with 
a plot of the a-c component minus the sus- 
tained short-circuit current* © (Curve B, 


4 


~ X4(MEAsURED) /x4 CALCULATED) 


2 
® 
O 


= n 
xq/Xd 
Effect of x, "/xq" 
measured transient reactance 


Figure 3. and of rz on 


Case 27 has low armature resistance rq; lower 
value obtained from first 15 cycles 


Figure 27). These curves should pass 
through the ordinates for peak 1. Since the 
first peak is plotted at abscissa 1, the abscissa 
for the time of application of the short 
[circuit] is usually not at zero, but at a time 
which can be readily determined from the 
oscillogram. This zero-time line should be 
plotted on the semi log plot, and extrapola- 
tions of the current curves are extended to 
this line. It is important in plotting the 
first several cycles of the (AC component 
minus the sustained value) to choose current 
and time scales that will avoid a steep slope 
during the first three or four cycles. It will 


* The sustained short-circuit current is determined 
from the direct-axis synchronous impedance curve, 
using the armature current corresponding to the 
steady-state field current immediately before the 
machine is short-circuited. 
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are usually plotted on standard rectangular. 


the short circuit. } |The curves for the 


Seincient cele to “establish definitely the 
straight-line part of curve B. The difference 
A (see Figure 27) between curve B and the 
extension of the straight part to =O, when 
plotted on the semi log scales, will also be 
closely represented by a straight line. (This 


straight line should always be plotted to 


pass through the ordinate for peak 1.) 


“1.846 The ordinate for curve B at t=O is 
equal to the sum of the ordinates at t=O 
from the two straight lines. 
for the a-c component at t=O is then deter- 


mined by adding the sustained short circuit 


current to the ordinate of curve B att=O. 
The curve for the transient component plus 
the sustained value of the current is deter- 
mined by adding the sustained short circuit 
current to the extended straight line part of 
curve B. 


(A ' 
a" = 7 (per unit value) 


where 


e=the open-circuit voltage of the machine 
immediately before the short circuit, ex- 
pressed in per unit based on rated 
voltage 
I’=per unit current from the transient com- 
ponent plus the sustained value at t=0. 
(Figure 27; Figure 15 of this paper) 


“Direct Axis SUBTRANSIENT 
REACTANCE (xq”); DETERMINATION 
By Test, Metuop (1) 


“1.863 The direct axis subtransient react- 
ance is determined from the sudden short- 
circuit test described in paragraph 1.843 


é 
EF ra (per unit value) 


“See paragraph 1.846 for “e’’. I” =per-unit 
current from the a-c comporient curve at 
t=O (Figure 27). 


“1.864 Method (2). An alternate method 
of evaluating subtransient reactance, which 
may be used when the three phases are 
known to be short circuited simultaneously 
or at least within approximately ten de- 
grees, is that based on the maximum pos- 
sible asymmetrical component. Plot the 
three asymmetrical components (median 
line Figure 26 represents one of these com- 


~ ponents) on semi log scales with currents on 


the logarithmic scale. The peaks may be 


oa for wecat eee at the Se of 


The ordinate — 


T"g (CYCLES) 


xq 1X 


Figure 4. Effect of ratio x,”/x2” on measured 


subtransient time constant 


numbered as in paragraph 1.844 and the 
line for t=O located as described in para- 


graph 1.845 for plotting Figure 27. Extra- 


polate the curves back to zero time thereby 
obtaining three initial values, which may be 
designated a, b, c. Lay these components 
off (uniform scale) along three radial lines 
60° apart radiating from a point O, the 
largest of the three values being laid off on 
the middle line. Draw _ perpendiculars 
through the end points of each of the three 
lines, and the point where these perpen- 
diculars meet determines the point M. In 
case the perpendiculars do not meet in a 
point, but form a small triangle, locate M 
in the approximate center of the triangle. 
Then the distance OM represents the max- 


imum possible asymmetrical component, to — 


the same scale as the three components on 
the radial lines. 


xq” = —— (per unit value) 


oa 


See paragraph 1.846 for “‘e”’. OM is ex- 
pressed as a per unit value, with the base 
equal to the peak value of the rated current 
wave. The ampere value of OM is equal to 
the peak value of the normal current wave 
multiplied by the per unit value of OM. 


Table I. Machine Physical Reactances and Resistances 
Case Ra x1 Xad Xfd Xkd Rta Rid Xaq Xfq Xkq Rftq Rkq 
22..0.00694. .0.0557. .1.068..0.1507..0.496 ..0.00068. .0.037 One We Paine acid 0.3556... ©. .0.035 
23..0,.00694. .0.0557..1.068. .0.1942. .0.1356. .0.00068. .0.037 OL414 oS ee 0.3556... ©, .0.035 
24..0.00694. .0.0577. .1.068. .0.1942. .0.1356. .0.00068..0.037 ..0.414......-.. 0.0906.. ©. .0.035 
18. .0.00694. .0.0557. .1.068..0.1507..0.496 ..0 seO03%s ce O414e eae 0.3556... .0.035 
21..0.00694. .0.0557..1.068..0.1507..0.496 ..0.00068..0.037 ..0.414................. © @ 
16..0.00694..0.0557..1.068..0.1507.......... 0 a co) 4 Fae eet oinsre corencaead o o 
25..0,.00694. .0.0557..1.068..0.1507.......... 0 ro) L068... 0 LOO Cee ee 0.. @ 
27..0,.00231 -0.0557..1.068, .0.1942. .0.1356..0,00068. 0: 01223. BOTANY Saere ce saets 0.3556.. ©. .0.035 
28..0.00694. .0.0557. .1.068..0.1942. .0.1356. .0.00068. .0.01223..0.414......... 0.3556. . ©. .0.035 
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X'g (MEASURED) 
X'q (CALCULATED) 


(AVERAGE OF 


3 PHASES) 
0.96 


0.94 
GS) 50 


150 


100 
@, - DEGREES 
- Figure 5. Variation of measured transient and 
subtransient reactance with angle of fault ap- 
plication 


Reactance from each phase current (case 23) 


“1.865 Method (8). The direct axis sub- 
transient reactance may also be deter- 
mined for three phase machines from a static 
impedance test in which a single phase volt- 
age is impressed across two armature phase 
windings in series (connected for 120° 

- phase displacement) with the field short cir- 
cuited. The rotor is placed in the angular 
position for maximum induced field current. 
The subtransient reactance equals the ratio 
of half the applied voltage to the resulting 
armature current.” 


Several comments may be made with 
regard to these recommended test pro- 
cedures even before the results of the 
present study are examined. 

In this paper the envelope is taken as a 
smooth curve drawn through the extreme 
maximum and minimum points of the cur- 
rent-versus-time curve. This would seem 
to be so obvious as not to require com- 
ment except for the fact that the envelope 
has been defined in a different way in a 


1.05 
X'g_ (MEASURED) 


X'g (CALCULATED) (AVERAGE OF 


3 PHASES) 


X"d (MEASURED) 
X"q (CALCULATED) 
/ 


0.90 


0.85 


le} 50 100 


@,- DEGREES 


150 200 


Figure 6. Variation of transient and sub- 
transient reactance with angle of fault applica- 
tion 


Reactance found from each phase current; 
case 16 (no amortisseur) 
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200° 


sero published pap on f 


ject. 

The median line is ndefned only oe a 
curve of Figure 14. This comment is 
again pertinent because in reference 2 the 


- midpoint of the envelopes as there defined 


has been used. In the present paper the 
midpoint of the envelope as here defined 
is taken as the median line. 

In the static line-to-line test for the 
determination of subtransient reactance 
the current will be sinusoidal if the volt- 
age is sinusoidal, aside from the effect of 
saturation. Thus without saturation the 
result found from test will differ from the 
nominal calculated value only by the in- 


clusion of the stator and rotor resistances.. 


This does not imply of course that it is a 


better test, since in the first place satura- 
tion effects may be very important and in 


the second place additional test equip- 
ment is ‘required since the short-circuit 
test is necessary for the transient react- 
ance anyway. 


Calculation of Machine Quantities 


When the per-unit mutual reactances 
between armature and field, armature and 


amortisseur, and field and amortisseur _ 


are all the same, as is assumed in the 
present case, it is possible to use direct- 
and quadrature-axes equivalent circuits 
for the calculation of the synchronous ma- 
chine constants. These circuits are shown 
in Figure 2 of reference 3 and in Figure 1 
here in slightly more complete form; the 
field resistance is not assumed zero and 
an additional winding is considered in the 
quadrature axis (see Appendix III). 

The calculation of subtransient and 
transient reactances and time constants 
from these equivalent circuits is made as 
follows: 


1. The direct-axis subtranstent reactance 
xq" is the input impedance of the direct-axis 
equivalent circuit with Ry/p=Rya/p=0. 
Thus xg” is equal to x; in series with the 
paralleled value of Xgqa, Xyq and Xx 


XadX aX ka 


26g! =a eee 
XaaXpat+XaaXnat XpaXka 


2. The direct-axis transient reactance, xq, 
is the input impedance of the direct-axis 
equivalent circuit with Rg/p=0 and 
Ria/p= 0. Thus xq’ is equal to x; in series 
with the paralleled value of xq and xyq. 


XaaX sa 


xq! =x,+ 
XaatXya 


38. Diurect-axis subtransient short-circuit 
time constant, Tg". The direct-axis equiva- 
lent circuit is assumed broken in the amortis- 
seur branch; Ryqg/p is assumed zero; the 
input terminals of the equivalent circuit are 
short circuited. Thereactance of the circuit 
as viewed from the terminals in the amortis- 
seur branch is divided by Ryg to give Ty”. 


XiXaa% fa 
XIXaat KiXsat XaaXya 
2af Rra 


Xeat 


Ta vi 


(seconds) 
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ELECTRICAL ENGINEERING 


; ' we F 
Za Xq/Xa 

4 

Figure 8. Variation of measured xq”/x,’ with 
ie Xa / Xa, 


7 
_ Curves are from calculations for cases of very 


_ small decrements. Points are from method 1 
i 


4. Direct-axis transient short-circuit time 
constant, Tq’. The amortisseur branch of 

_ the direct-axis equivalent circuit is assumed 
open circuited and the circuit is assumed 
broken in the field branch. The input ter- 

-tminals are short circuited. The reactance of 
the circuit as viewed from the terminals in 
the field circuit divided by the field resist- 
ance, Ryg, gives Tq’. 


(seconds) 


_ Analysis; Simultaneous Closing 


On the basis of the preceding sections 
of this paper it is seen that no exact com- 
“parison can be made between the defined 
transient and subtransient reactances and 
the calculated or measured values of these 
quantities. It is possible, however, to 
determine the correspondence that is to 
be expected between the calculated values 
of the reactances and the values deter- 
mined by an ideal short-circuit test. 

Park’s equations® of an idealized syn- 
-chronous machine (see Appendix I) were 
set up on the differential analyzer and the 
phase A current obtained for a three-phase 
short circuit on a machine initially run- 
ning open circuited. All three phases were 
short circuited simultaneously; the effect 
of sequential closing is considered in 
the next section. 

This A-phase current record takes the 
place of the oscillogram described in the 
sections on measurement and was ana- 
lyzed as there described, giving values of 
Xa’, a" T,’, and 1B 

For each machine studied, six solutions 
were obtained. These were the A-phase 
current for short circuits applied at each 
of six rotor angles, varying from 0 degrees 
to 150 degrees with respect to the axis of 
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s 


ma - {3 4 . - mie 7 
phase A in 30-degree steps. The A-phase 


current for a fault at 0 degrees from the 
axis of phase A is the negative of the cur- 
rent in the C phase for a fault at 60 de- 
grees, and is also the current in the B 
phase for a fault at 120 degrees. It is 


seen then that the six solutions obtained 


contain all three-phase currents for each 
angle specified (30-degree steps). More- 
over the average values of the reactances 
(average of the three phases for any one 
test) will be, repeated every 60 degrees. 
Thus if there is a variation of this average 
reactance with angle of application of the 
fault, it is periodic with a period of 60 
degrees. 

The machines studied are defined in 
terms of the reactances and resistances of 
the individual stator and rotor circuits. 
Values of these quantities, as well as of 
the transient and subtransient reactances 
and time constants calculated from them, 
are given in Tables I and II. 

Case 22 represents the characteristics 
of a machine having a rather high ratio of 
calculated subtransient to transient re- 
actance, xq”/xg’ =0.16/0.1878=0.852, so 


- that the equivalent amortisseur-leakage 


reactance xzq(=0.496) is large. This 
makes the subtransient time constant 
large. 

Case 23 was studied to show the effect 
of a much smaller ratio of calculated sub- 
transient to transient reactance, xq” /xq’= 
0.13/0.22=0.591. One effect of the 
smaller xz” is to make x,g and thus Ty” 
much smaller. 

Case 24 was studied to show the effect 
of making the rotor symmetrical for sub- 
transient effects. The quadrature-axis 


Table Il. 


x4(MEASURED) /Xg (CALCULATED) 


Figure 9. 
measured value of xg”, method 1 


Xq"/xq" =1.5 


subtransient reactance x,” (calculated) 
was reduced to x,” =0.13 so that it was 
equal to xq” of case 23. In case 23 the 
ratio of x,”/x@” was 1.9, which is rather © 
large. 

Case 18 is like the first case (22) escent 
Rya=0. This was considered in order to 
show the effect of the field EERE time 
constant Tq’. 

Case 21 was considered in naar to show | 
the effect of a large ratio of x,”/xqg”. The 
quadrature-axis amortisseur was removed 
entirely so that «,"/xq" =2.94.° It is - 
otherwise the same as case 22, ~ 

In cases 16 and 25 there are no rotor 
resistances; the amortisseur has been 
completely removed and the field resist- 
ance made zero. Case 16 has an effective 
ratio x,"/xq" =xq'/xa' =0.4697/0.1878 = 
2.5, while in case 25 x9"/xqa" =x,'/xa' = 
0.1878/0.1878 = 1.00. 

Cases 27 and 28 are to show the effect 
of increasing the armature and subtran- 


palculated Machine Constants 


Effect of 0 and of (6:—%) on 
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Figure 10. Effect of 6 and of (6:—%) on 
measured value of xq”, method 1 


ke Xq”/xq” =2.0 


sient time constants. Case 28 is like case 
23 except for a smaller direct-axis amortis- 
' seur resistance, designed to give a calcu- 
-~ lated subtransient time constant equal to 
that of case 22. Case 27 has the small 
direct-axis amortisseur resistance and also 

~ asmall armature resistance. a 
Some of the results of the analyses of 
the short-circuit-current curves obtained 
on the differential analyzer for these cases 
are shown in Table III. This table shows 
the average of all six-phase currents for 
each case. The measured values of xq”, 
xq’, and Tq” are plotted against the cal- 
culated ratio x,”/xq” in Figures 2, 3, and 

4, respectively. 


_Figure 2 shows that for method 1 


there is a tendency for the measured di- 
rect-axis subtransient reactance to de- 
crease if the quadrature-axis subtransient 
reactance is increased even though no 
change has been made in the direct-axis 
rotor circuits. If the median method 
(method 2 of the AIEE Test Code) is 
used, there is no such tendency. Instead, 
the reactance increases slightly. As the 
ratio x_"/xq" approaches 1.0 the measured 
xq” approaches the calculated value. All 
of these observations are confirmed by 
the results of calculations for the idealized 
case in which all decrements are neglected 
(see Figure 8). 

Figure 3 shows that the ratio x_”/xq" 
has practically no effect on the measured 
value of xg’. On the other hand, the ar- 
mature resistance appears to have a con- 
siderable effect. When the armature re- 
sistance is low, as in case 27, xq’ is low, 
presumably because of the slow decay of 
the second-harmonic component of cur- 


rent. 
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- circuits. 


- data of Table III. However, the latter 


especially in view of possible measurement 
"errors. 
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wilh 


ably less than aie even sa: a ma- 
chine has no amortisseur. _ a=" oe 
Table IV shows the reactances obtained 
from the individual-phase currents and ; 
from the two sets of three-phase short — 
Since the effects of angle should 
be appreciable only when xq” x," it is 
evident that the effects of the ratio x"/%a"_ 
as shown in Figures 2, 3, and 4 would be { 
soinewhat greater if the average of only ; 
three phases had been used instead of the 


xq" /xa" on xq’, Fis 0 
is believed to be more representative, to repre also the cfiect of 
on xa" y _ The calculated Taeeee 
Figure 8, asi is seen rt be 
good agreement with oS 
analyzer results. 


Figure 5 shows measured results for the 
individual current waves for case 23. 
Figure 6 is a similar curve for case 16. 
The variation indicates that it is highly 
desirable to measure all three-phase cur- 
rents and possibly to take more than one 
test even if there were no theoretical dif- 
ferences among the phases. Figure 7 
shows the actual current waves for the 
case of Figure 5. ‘ 

Figure 8 is a summary of the effect on 
the ratio of subtransient to transient re- _ 
actance of variation in x,”’/x@". Since 


Analysis; _ Sequential ‘Switching 


_On the basis of certain simplifying as- — 
sumptions, the effect of sequential switch- 
ing on the measured value of direct-axis _ 
subtransient reactance has been deter- 
mined. In addition to the usual ideal — 
synchronous maehine assumptions, all — : 
machine resistances are considered to be | 


Table IV. Ratio of ‘Measured to Calculated Machine Reactances 


Three-Phase Average 
for Fault at 


Case 0° 30° 60° 90° 120° 150° 60 =0 30° Average 


Pee ee, eee Yate . 


Py sae ie tq’ ...0.988...0.996...0.980..... ee 0.976...0.989....0.981 ...0.993 ....0.986 
Fav 1.019880 20.070. 0. 0592. aan eee 0.962. .:0.988....0.970 ...0.979 ....0.973 
0.983**...0.976**....0.980** — 
rites za’ ...1,001., .0.991., .0.994.. .0.991...0.981...0.995....0.992 ...0.992 ....0.992  — 
z aq” _,..0.988...1.012...0.988...0.978...0.971...0.952....0.982 ...0.981 ....0.982 
1.013**,..1.008**....1.011** © 
DA ca’ ...0.992...0.992...0.996...0.990...1.001...0.995....0.996 ...0.992 ....0.994 
va” ..x0.98B., .1.069..,.1.086.. 1.002... .1-004:2¢1.0020.5)1 1008 fn). 1024 erate O16 
mar xq’ _...0.997...1.000...1.002...0.997...1.001...0.995....1-000 ...0.997 ....0.999 
za”. -.0.998...0.979...0.960...0.951...0.960...0.979,...0.973 ...0.970 ....0.971 
Of erste: xq’ ...1.014.,.0.991...0.971..20.970...0.970...1.008....0.985 0.990 ....0.987 
zd” ...0,904...0.909...0.868...0.859...0.874...0.906....0.882 ...0,.891. ....0.887 
16.0ane aq’ ...1.001...1.000,..1.000...1.000...0.995...0.999....0.999 ...1.000 ...,0.999 
za” -...0.968...0.929...0.887...0.880...0,890...0.932....0.915 ...0.914 ....0.914 
1,014**,,.1,081**,.,.1.048** 
26s xd’ 1.000...1.000...1.000...0.997...0.992...0.992....0.997 ...0.996 ....0.997 
xa” 1,000...1.000...1.000...0.997...0.992...0.992....0.997 ...0.996 ....0.997 
0.995**, ..0.981**,.. 0.988 
Wile ee za’***,..0.951...0.893...0.854...0.839.:.0.857...0.947....0.887 ...0.893 ....0.890 
na’ _-...0.978...0.963...0.961...0.924...0.931...0.973....0.955 0.953 0.954 
nq” ...0.983..'.0.975...0.934...0.908. . .0-880...0.950....0.932 0.944 ....0.938 
28 scm xa! 0.975...0.974...0.991...0.991,..0.990...0.964....0.985 0.976~ ....0.981 
xd” 0.997...0.948...0.922...0.901...0.909...0.940....0.948 ...0.930 ....0.936 
0.998**,..1, 


008**,...1.003 : 
* Results for this point are questionable and are not included in average values. 
| 


** Denotes method 2. *** Only first 15 cycles measured. 
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7 a 1 , . sae 
between the short circuiting 


of del 
nce there is no decay of current, the 


k-to-peak phase currents may be used 
etermine the direct-axis subtransient 


paper, the direct-axis subtransient re- 
actance has been determined by the two 
methods described there. 


MetHop 1 


_ Figures 9 and 10 give the ratio of meas- 
ured reactance* (differential-analyzer re- 
sults), to calculated reactance for values 
of x¢"/xa" of 1.5 and 2.0, respectively. 
(Sequential switching will not affect the 
measured reactance for x4”/xqg"=1.) For 
a delay in closiag of the third phase of 60 
electrical degrees, the maximum varia- 
tions in measured reactance can be four 
per cent for x,”/xq” =1.5 and 8.5 per cent 
for xq"/xa" =2.0. These variations are 
much larger than those due to the sub- 
- transient saliency alone as discussed under 


_simultaneous switching. 


er) a 


_ METHOD 2 


=< 


_. The theoretical discrepancy ratio as de- 


_ fined in reference 4 is the ratio of xa" 


MEASURED XQ 
CALCULATED Xq 


Figure 12. xq” measured by method 2 as a 
fraction of its calculated value versus 0 


Xq"/xXa" =2.0 


measured by method 2, except that only 
the direct component of current is used, 
to its defined value. This neglects the 
effect of the second-harmonic current on 
the measured value of the asymmetrical 
component. In this paper xq” is measured 
by method 2 considering the total cur- 
rent. Figures 11 and 12 show the ratio 
cof measured to calculated reactance for 
values of xq"/xa" of 1.5 and 2.0, respec- 
a 


* By measured reactance is meant that value which 
would be obtained by analysis of an oscillogram of 
the short-circuit current of an ideal synchronous ma- 
.chine with characteristics corresponding to the as- 
sumptions. 
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of 
first two phases and of the third phase. — 


actance. As in the previous section of 


x44 (MEASURED)/ Xq (CALCULATED) 


1.08 


° 
wy 


Figure 13. Effect of 0 and of x,”/xq” on 
measured value of xz” 


tively for various values of 0 and 0,—4o. 
A similar set of curves for x g”/xq” =1.0 is 
given in Figure 3 of reference 4. 

It has been noted in the section of this 
paper on simultaneous switching that in 
general method 2 gives results some- 
what closer to the calculated subtransient 
reactance than does method 1. From 
this it should not be inferred that method 
2 is generally superior. The difficulty in 
adjusting the circuit breaker to close the 
three phases within ten degrees as re- 
quired by the standards as well as the dif- 
ficulty in determining from the oscillo- 
gram whether or not this angle is less than 
ten degrees are both considerable. More- 
over, it is seen from Figure 13 that even 


’ for so small a delay angle as ten degrees, 


the results obtained by this method 
are far inferior to those obtained by 
method 1. 


CURRENT 


Figure 14. Figure 26 
of Test Code 


Peak values of instanta- 

neous short-circuit cur- 

rents and deviation of 
a-c component 
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Conclusions 


‘currents with angle of fault application. — Bot 


es 
From the results obtained in this study | e Ri 
the following conclusions may be drawn: 


1. The direct-axis subtransient reactance 
and time constant as measured by any short- 
circuit test method so far proposed depends 
not only on the characteristics of the direct- . -_ 
axis rotor circuits, but also on those of the 
quadrature axis. a 
2. Method 1 of the AITEE Test Code © 
should be used in the measurement of direct- 

axis subtransient reactance to the exclusion = 
of method 2, the asymmetrical method.. 


= 
~ 


5. 
re 


3. There may be a considerable variation > 
of the magnitude of the individual-phase — 


This, in conjunction with possible measure-_ 
ment errors, makes it very important to 
use the average obtained from all three-phase 
currents of any one test, and highly desir- 
able to use the results of more than one test. 


4. Since the measured subtransient react- © 
ance may be low and the measured transient — 
reactance may be about right in comparison 
with calculated values, the ratio of sub- 
transient to transient reactance may be low. 
In particular, even with no amortisseur the 
measured ratio xq”/xq' is appreciably smaller 
than unity. 


5. It often may be necessary to use con- 
siderably more than 15 cycles in order to ob- 
tain the correct value of transient reactance, 
especially if the armature resistance is low. 


6. The maximum difference in closing angle 
should be limited to as low a value as pos- 
sible. 


7. The short-circuit test methods given in 
the AIEE Test Code approach, but are not 
in entire agreement with, the definition of | 
subtransient reactance. It would, more- 
over, be impracticable if not impossible to : 
test directly for the defined subtransient . 
reactance. : 

| 


Appendix | 


On the assumption of constant unit rotor 
speed, Park’s equations’ for an ideal syn- , 
chronous machine may be written 


ea=Pla—Ma—Vaq (1) 
€g=Pbq—rigt Va (2) 
va=G(p)E—xalb)ta (3) 
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v= —xXq(P)tq 


2 


SUSTAINED SHORT-CIRCUIT CURRENT 
= 


CURRENT 
(ye = 
@ 
= J 
iit 


QO 4 8 -l2 


(4) 


If a simultaneous three-phase short circuit is 
applied at the terminals of a machine initi- 


~ ally running open-circuited with no change 


in the applied field voltage, these equations 
reduce to 


0=pha—ria— Va (5) 
= qo =pWq—TigtWa= — 1.0 (6) 
va= —xalb)ta (7) 
vq=—Xq(b)tg (8) 


where xq(p) and x,(p) are the operational 

input impedances of the circuits of Figure 1. 
After reduction to suitable form for the 

differential analyzer, these become 


bla=vatta (9) 
va=S pbadt (10) 
bbg=—1.0-vattig (11) 
v= JS Py it (12) 
pia=apbatbvatciat S diateva)dt (13) 
ig= JS piadt (14) 
pig=fPvetevathigt S (jigthva)dt (15) 
ig=JS pigdt (16) 
where a, b,. . . k are obtained in the reduc- 


tion of equations 7 and 8 to 13 and 15. 
By definition of the transformation used to 
arrive at Park’s equations, the phase A cur- 
rent is written 


ig=1g cos —t, sin 0 (17) 

Since 

pp =1 

Pig = —iq sin 0+ pig cos 0—tg cos O— pig sin 8 
=—(igt pig) sin 0+ (pigq—tg)cos@ (18) 
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A-C COMPONENT 
Le SUSTAINED VALU 


current 
24 28 32 
Then 
ia=JS (iat pigd cos 0 +S (pia—ig)d sin 0 


(19) 


Equations 9-16 and 19 were set up on the 
differential analyzer and the solutions 
referred to in the text were obtained. 


Appendix Il 


In determining direct-axis subtransient 
reactance for cases of nonsimultaneous 
switching, peak-to-peak values of the three- 
phase currents have been obtained by 
numerical substitution in equations 1 of 
reference 4, These are 


t gt ewe {d+n)- 
: Sa /3n 


1 1l+n 
whee ra 
(1—m) cos +120 | 


1l+n 
et 


(1—7) cos 26]— 


Ip 
PS 6—120°)+ 
ty {4 cos ( ) V3 


(1—n) cos (e0—120*) |-—-x 


[ft +a- —n) cos 2» 


I 
ime} cos (0+120°)+ 
x 


d 


0 
Van 
|e" (1—n) cos cn+-120%) |+ 


Saglil+m) — =n) cos (20—120°) it 


where 

> Se uw u 
N=Xq /%a 
and 


ky=sin (0+120°) 
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Analysis of a-c com- 
ponent of short-circuit. 


- corrected. 


6=6;, after previous ho 5 
land 2at@=6. — 

It will be noted that a sy ouardpieals err , 
in these equations in the reference ‘thas been 


Nomenclature — 


= 


Appendix Me 


a 
See also Figure 1 and Appendixes: 18 

and II. , j 

xq" =direct-axis eabian seul reactance = 

xq’ =direct-axis transient reactance — ' 
x, =armature-leakage reactance Si 

%qqa=mutual reactance between the arma- 
ture and field, field and direct-axis 
amortisseur, and armature and direct-axis — 
_amortisseur 

xya= field-leakage reactance 

Xxq = direct-axis amortisseur leakage react« 
‘ance 

Rya=field resistance - 

Rig = direct-axis amortisseur resistance 

Tq" =direct-axis subtransient short-circuit 
time constant : 

Ta’ =direct-axis transient short-circuit time — # 
cosstane ; 

= quadrature-axis subtransient reactance — 

fe ‘= quadrature-axis transient reactance 

6) =angle at which the first two armature 
phases are short circuited, in the non~— 
simultaneous closing of a short-c circuiting — 
switch. (See Appendix II) : 

6,=angle at which third phase is short-cir- 
cuited, in the nonsimultaneous closing of — 
a short-circuiting switch (See Appendix 
II) 

Xqq= mutual reactance between the armature 
and either quadrature-axis rotor circuit 
and between the two quadrature-axis | 
rotor circuits 

XkqXrq=leakage reactances of quadrature. 
axis rotor circuits ; . 


| 
i 
i 
y| 


Rig Ryg=resistances of quadrature-axig- 
rotor circuits 
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= | Used in Tropical Service 


7: ~B. H. THOMPSON. 


_ NONMEMBER AIEE 

E become increasingly important as the 

use of electric devices in the tropics has in- 
ts ‘creased. Moisture conditions in the tropics 
., are described, and means for producing such 
‘conditions in the laboratory are considered. 
The visual, corrosion-current, and water- 
extract conductivity methods for studying 
; BP iectrolytic corrosion are described. Typi- 
ie ‘cal results for a number of different ma- 

_ terials are given. 


K. N. MATHES 


MEMBER AIEE 


; 


2. For 13 hours a day the relative humidity 


Synopsis: The selection of insulating ma- 
is 95 per cent or higher. 


terials to guard against electrolytic corrosion 


Since these are average figures, it is 
obvious that the air very often must be 
saturated completely with moisture and 
that exposed apparatus will be covered 
with dew. Rangoon is probably not the 
wettest place in the tropics. It is, how- 
ever, a location in the tropics for which 
humidity values have been recorded of- 

. fically. Reports from the tropics of 30 
feet of rainfall in two months and seas of 
mud are frequent. It is not surprising 
that electric apparatus often is soaked 
completely with water for long periods of 
time. The windings often dry out only 
when heated or when exposed directly to 
the sun. 

Even in temperate climates moisture 
condensation may occur on apparatus 
chilled during aircraft flight at high alti- 


HE EFFECT of moisture on electric 
windings is a factor to be considered 
for successful performance in the field. 
In some cases moisture absorption in the 
 jnsulating material produces a direct di- 
-electric failure between turns, between 
phases, or to ground. In others moisture 
absorption may produce leakage currents 
_ which electrolytically decompose. the con- 
- ductor and result in open rather than in 
short-circuited windings. This destruc- 
tive effect has been named electrolytic 
corrosion. Electrolytic corrosion ac- 
counts for a large proportion of failures 
caused by moisture in apparatus con- 

- taining fine wire.! 


Figure 1. Refrigerator box used for obtain- 
ing a humidity of 100 per cent plus dew at 
35 degrees centigrade 


Humidity Conditions in Service 


Because absorption of atmospheric 
moisture is responsible for electrolytic 
corrosion, a study of humidity conditions 
is important. Relative humidity in the 
continental United States seldom rises 
above 95 per cent, and extended periods 
above 90 per cent are uncommon, except 
possibly on the Gulf Coast. In the tropics 
moisture conditions are much more severe. 
During the rainy season relative humidity 
above 95 per cent is common. Table I 
gives values obtained ‘for Rangoon, 
Burma. The figures for the worst month, 
August, can be summarized as follows: 


1. For eight hours a day the relative hu- 


midity is 97 per cent or higher. 

eee ee 
Paper 45-73, recommended by the AIEE committee 
on air transportation for presentation at the AIEE 
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of time, unless the apparatus operates in 


‘lects. Consequently, flight conditions in ® — 


tudes, 
into lectrié cole ee pressure vce 
resulting from subsequent changes in — 
altitude. Serious damage may occur, if 
this absorbed water freezes and cracks 
the insulation, i. 
Aircraft apparatus will be exposed to _ 
high humidities caused by changes in 
altitude for only relatively short periods ~ 


closed containers in which moisture col- 
temperate climates are much less severe 
than tropical conditions. Of course, air- 
craft in the tropics will be exposed to 
tropical conditions of moisture while — 
grounded. The wet apparatus then 
would, in subsequent flight, be exposed to 
the temperature and pressure changes 
accompanying changes in altitude. , * 
Humidity Conditions 

in the Laboratory 


Laboratory moisture tests should ap- 
proximate service conditions as Coss) as 
possible. 

To simulate the worst tropical condi-— 
tions, a laboratory condition of 100-per-' 
cent relative humidity, plus dew at 35 
degrees centigrade (95 degrees Fahren- 
heit) has been adopted. Thisconditionis | 
reproducible and is obtained easily with 
inexpensive equipment. Water in the 
bottom of a heat-insulated box is heated - 


Figure 2. Glass-rod samples used in the visual 5 
method of evaluating the corrosiveness of in- — 
sulating materials 


ot 
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Photomicrograph of electrolytic 
corrosion of copper wire 


Figure 3 


with an immersion heater. The water 
vapor rising from the surface of the warm 
water will condense as a fine dew through- 
out the slightly cooler space in the box. 
A large refrigerator box (Figure 1) is 
tipped back sufficiently to hold water in 
the bottom and at the same time to allow 
condensed water to run off the top surface 
without dripping. The box is located in 
a room held at 25+1 degree centigrade, 
and sufficient heat is supplied at a con- 
stant rate to the water to maintain an air 
temperature of 35 degrees centigrade. 
This equipment has been used for most 
of the work to be described. 

Lower humidities were obtained with 
appropriate saturated salt solutions in the 
bottom of closed glass desiccators. Dis- 
tilled water was used to obtain 100-per- 
cent relative humidity without dew. The 
temperature was held very closely at 25 
degrees centigrade to prevent condensa- 
tion or change in humidity. 

Cyclic methods for producing conden- 
sation by varying temperature at 95- 
per-cent relative humidity have been con- 
sidered and discarded. Periods of con- 
densation are short and erratic. Such a 
cycle is also artificial. With this method 
the moisture content of the air changes 
with change in temperature. In service 
the moisture content of the air tends to 
remain constant, and a decrease in tem- 


perature produces an increase in relative 


humidity. 


Temperature Cycles 
in the Laboratory 


At least two types of temperature cy- 
cling and immersion tests have been sug- 
gested. One of these uses salt water and, 
consequently, is applicable only to sealed 
apparatus. In the other test the ap- 
paratus receives five cycles between plus 
85 degrees centigrade and minus 65 de- 
grees centigrade, followed by immersion 
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in water which is cycled five times be- 


tween room temperature and 71 degrees 
centigrade in 24 hours. This test is diffi- 
cult to interpret. 

A number of tests have been made in 
which simple temperature cycles preceded 
exposure to 100-per-centrelative humidity 
plus dew. Such temperature cycles will 
open up brittle insulation subject to 
thermal shock. It is the authors’ opinion 
that subsequent exposure to 100-per-cent 


relative humidity plus dew is sufficiently . 


severe and easier to interpret than water 
immersion. 


Corrosion Tests 
on Insulating Materials 


It has been recognized that the best ap- 
proach to corrosion-free apparatus lies 
in the use of insulating materials which 
will be as free as possible of corrosion ef- 
fect.1 Factors influencing electrolytic cor- 
rosion are discussed in the appendix. The 
following sections describe three methods 
developed to evaluate corrosion-inducing 
characteristics of insulating materials. 


VISUAL TEST 


Two types of glass-rod samples are used 
for the visual evaluation of corrosiveness. 
One uses a single rod and the other two 
rods. The single rods are wrapped with 
the sheet material to be tested. They also 
may be used for testing varnish films by 
forming the varnish film on the rod. A 
sheet material like cellulose acetate, how- 
ever, tested at 100-per-cent relative 
humidity plus dew may collect a pool of 
water at the edge of the sheet. To help 
overcome this condition the double-rod 
sample is used (right side of Figure 2). 
The sheet material is wrapped around the 
two rods in the form of a figure eight so 
that no edge appears at the surface. Two 
windings of three close turns of 0.010-inch 
bare copper wire around the rods are 
spaced approximately one inch apart at 
the center of the rods. The sample is 
hung vertically at the required humidity 
and 120-volts direct current applied be- 
tween windings. The condition of the 
positive wire is examined periodically 
with a microscope. 

The test is run for seven days. The 
test is discontinued in a shorter time, if the 


Holder 
corrosion-current 
measurements 


Figure 4. 
for 
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positive wire corrodes completely 


Corrosion usually starts with slight mark- — 


ing of the copper or slight discoloration of 
the insulating material, followed by. me- 
chanical roughening, which leads eventu- 
ally to deep pitting. The initial marking 
on the wire is difficult to photograph, but 
surface roughening and a deep pit are 
shown in Figure 3. 


The following method of comparing 


corrosion resistance of insulating ma- 
terials has been found conveniest: 


——— 


Appearance Under a 20-Power 
Microscope 


a 


Coloring or corrosion first appears 


pair d (day sae pik Gime i eteee eeoraete Very corrosive 
Coloring or corrosion first appears 
101. 2 GAYS! meek raes ee heenst LSP Poor 
Coloring or corrosion first appears 
in 3 Gay Stross > = eucio detent = bere aeels Fair 
Coloring or corrosion first appears 
AGED (nme eee abe IASG Good 


At the end of seven days the plus electrode 
wire is removed atid examined under a 20- 
power microscope. If only faint markings 
are visible on the surface of the wire, the 
material is rated excellent. Such results 
should be obtained at a test humidity 
representing expected service humidities. 
Extrapolation from a lower to a higher 
humidity has been found to be mislead- 
ing, for example, a rating of excellent at 
95-per-cent relative humidity has with 
our present knowledge, little meaning at 
tropical conditions of 100-per-cent humid- 
ity plus dew. Tests on materials, of 
course, are only comparative and cannot 
be used to predict life of assembled ap- 
paratus. 

The physical appearance of the positive 
wire is, of course, only a qualitative meas- 
urement, and the rating depends some- 
what upon the judgment of the observer. 
Our efforts to use the wire breaking 
strength as a quantitative measure at a 
humidity of 100 per cent plus dew have 
been unsuccessful for the following 
reasons. 


1. When sufficient corrosion has been ob- 
tained to affect breaking strength signi- 
ficantly, the wire may be pitted severely at 
one place or less severely at several places. 


¢ 
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100 120 140 160 180 
? HOURS 

Figure 5. Corrosion-current-time curve for cel- 
____ lulose-acetate cloth adhesive tape 


current on continuously. Humidity—100 per 
cent (no dew). Temperature—25 degrees 
\ : centigrade > 


_ Consequently, a large number of samples 


will be needed to give a significant result. 
i. A very long time on test may be needed 
a produce a measurable decrease in the 
breaking strength of the wire. It is esti- 
mated that three months would be required 
_ to produce a detectable change in breaking 
strength for a sample that would just make 
Bthe rating of excellent by the visual method. 


_ An adaptation of the glass-rod test is 
used for rigid insulating materials—the 
_ copper: wire electrodes are wrapped di- 
_ rectly on the sample. It has been found 
_ desirable to roughen or cut at least one 
edge of molded material to remove the 
_ “skin.’’ The roughened edge represents 
the machined or sanded surfaces often 
encountered in use. > 


- Corrosion-CURRENT METHOD 


-_ Electrolytic corrosion occurs when cur- 

rent flow makes available ionic constitu- 

ents to attack the metal. Therefore it 

should be possible to obtain an indirect 
measure of electrolytic corrosion by 
measuring the magnitude of the corrosion 
current providing that: 


1. Allthe current measured does contribute 
to corrosion—the ions carried to the positive 
wire are able to attack it. (Platinum wire 
resists such attack.) 


2. The decomposition products of corrosion 
at the wire do not form a tight insulating 
surface, which would eventually prevent cur- 
_ rent flow. 


~ 


Actual tests have shown that copper 
wire on a large number of different insu- 
lating materials fulfils the above condi- 
tions. 

All tests on insulating materials are 
made with copper. Aluminum, silver, 
nickel, and nichrome are known to be at- 
tacked, but a different rate may be ex- 
pected for different metals. 

Guarded sample holders (Figure 4) 
have been constructed to make current 
measurements on sheet insulating ma- 
terials. (Varnishes have been evaluated 
by testing them as coatings on films 
known to be low in corrosiveness by 
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s-rod-type specimen. Volts—120 direct - 


ple is exposed to 
_ the desired humidity for a sufficient length 
_ of time to obtain equilibrium (usually 24 
hours). The current resulting from 120- 
_volts direct current across the sample is 
measured with a galvanometer capable 
of detecting 0.0001 microampere. When 
voltage is applied to a sample of sheet 
insulating material, the current decreases 
rapidly at first and then more slowly as a 
function of time (Figure 5). A series of 
current—time curves are plotted in Figure 
6. The decrease in current after the volt- 
age has been applied and the recovery ~ 
after the voltage has been removed seem 
to be typical polarization and appear to 
be functions of the amount of corrosion 


4 


20 


MICROAMPERES 
a 


lo 100 200 300 O 100 200 300 
SECONDS SECONDS 


Figure 6. Corrosion current during five-minute 
applications of voltage at 24-hour interval 


Cellulose-acetate cloth adhesive tape. Glass- 

rod-type specimen. Volts—120 direct cur- 

rent. -Temperature—25 degrees centigrade. 
Humidity—100 per cent (no dew) 


that has taken place. The more corrosive 
materials show the largest initial current 
and the greatest decrease of current with 
time. At first thought it seems necessary 
to obtain the current-time curve in order 
to make a comparison between materials. 
However, the initial current is influenced 
only by the characteristics of the ma- 
terial, and that which follows is reduced 


Figure 7. Effect of humidity at 95 degrees | 
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centigrade on corrosion current 


Glass-rod-type of specimen 


polarization. 


The initial current is, 


therefore, the value giving the comparison 


between materials. 


Since it is rather difh- 


cult to measure the initial current, the 
current value 15 seconds after the voltage 
has been applied is used instead. 


Because the corrosion-current method — 


is indirect, it becomes necessary to cali- 
brate it in terms of the visual-corrosion 


test. 


Table II shows a comparison of 


initial-corrosion current and integrated 
actual corrosion current-time with visual 


corrosion. 


Time was adjusted by trial 


to obtain a point at which pitting or 
roughening of the wire had just become 
visible microscopically. The similarity 
between the current-time values for a 
definite ameunt of corrosion is striking 


Table I. Monthly Mean of the Relative Humidity (Per Cent) for Each Hour at Rangoon 


Values Obtained From India Meteorological Department, Poona, India 
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Comparison of corrosion current 
with conductivity of water extract for films 


Figure 8. 


. The corrosion current was measured at a hu- 
midity of 100 per cent plus dew at 35 degrees 
centigrade. The conductivity of water ex- 
tract is in micromhos per centimeter for 100 
square inches per liter of water. Ailll films are 
cellulose acetate except the three marked 

otherwise 


in view of the wide difference between con- 
ditions and samples shown in Table II. 

We have found that 0.02-microampere 
initial current with the holder shown in 
Figure 4 compares with the grade of ex- 
cellent of the visual method. 

Table III shows typical results for a 
number of sheet and fabric insulations at 
100-per-cent relative humidity plus dew 
at 35 degrees centigrade. Conclusions 
can be drawn as follows: 


1. A single class of materials such as cellu- 
lose acetate may possess a wide range of 
corrosion-inducing characteristics. 


2. The materials which are wet by water— 
cloth, paper, and cellophane—are consider- 
ably more corrosive than the water-resistant 
foils like acetates and polystyrene. 


3. No great difference between the various 
untreated fabrics is apparent at 100-per- 
cent relative humidity plus dew. 


The above conclusions apply for a 
humidity of 100 per cent plus dew at 35 
degrees centigrade. The relative corro- 
siveness for the various materials may be 
widely different at lower humidities. 

Table IV and Figure 7 have been in- 
cluded to show the reliability and the 
range of the corrosion-current method. 
Corrosion currents for a gummed-paper 
tape and an adhesive-backed cellulose- 
acetate fabric have been compared as a 
function of humidity. Conclusions fol- 
low. 


1. The consistency of results is good—ex- 
cept for two values, one of which was 
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obwionely in ax acim a 
values were within two to one. — 
2. The ratio between the gummed paper 
and the acetate adhesive tape is not con- 
stant with change in humidity. The follow- 
ing tabulation illustrates the danger of pre-- 
dicting corrosion results at higher humidity 
from results at a low humidity or vice versa. 


Corrosion Current—Microamperes 


22 
Sa 
Be : 
<5 ; 
a3 3 = 
23 He < 
3 8 s ~ 
a< ae fa} 
Cm) 3 
Ore ® 3 
(ae eee 
<i [27 -4 
100-per-cent rela- 
tive humidity....7.79 meek COOR Oi aoa ee 17, 


91-per-cent rela- 


tive humidity....0.00499.... 63.7....12,800 


3. The corrosion-current method has great 
sensitivity and can be used to evaluate cor- 
rosion characteristics in cases which would 
take a long time by the visual method. It 
has been estimated that corrosion detectable 
by the current method would require nearly 
four years exposure to be detected by the 
visual method. 


WATER-EXTRACT CONDUCTIVITY TEST 


The magnitude of the corrosion current. 
depends upon the quantity of free ions 
available for carrying the current. A 
measure of the relative amounts of ioniz- 
able constituents in the insulating ma- 


Table Il. 
Wire on Glass-Rod Type 


raaeeeent t arse 
extract was measured wit 
bridge (applying three volts, 
avoid polarization). A correlation o 
water-extract conductivity with c 
current is given in Figures 8 and 9. 
Figure 8- corrosion current is plotte 
against conductivity per unit area, since 
both current and extract conductivity di 
pend in this case primarily ‘on area. Th 


current per mil thickness and the extract 
conductivity per unit volume are the con-— 


trolling factors for materials which wet 


easily. The correlation would be expected 
to hold only at 100-per-cent relative 


humidity plus dew. 
The water-extract conductivity test 


requires relatively little apparatus. The 


method should be useful in quality con- 
trol, particularly if care is used to insure 
reasonable accuracy. 


© 


Conclusions 


High relative humidity with moisture 
condensation is a characteristic tropical 
condition. This condition can be simu- 
lated easily in the laboratory and should 


d- 


ur nt permanente 


be used to test insulation materials de- 


signed for tropical application. Materials 
should be tested, of course, in the form in 
which they are used in the completed 
device. 


Correlation of Corrosion Ampere-Seconds and Extent of Corrosion of Plus Electrode 


of Corrosion Specimen 


Tem- 
perature, Initial Dura- 
Degrees Current, tion Extent of Corrosion of Plus 
Humidity, Centi- Micro- of Test, Ampere- _Wire With 40 Times 
Material Per Cent grade amperes Hours Second Magnification 
Black cellulose-acetate 
fabric adhesive tape..100+dew...... pe eet ee 120. LiOh 0.18. ..Scattered small pits visible 
White cellulose-acetate i 
fabric adhesive tape. .100+dew...... Dl eahss <i ste 92. Som. 7.0 ....0.18...Color in tape just visible; 
small pits all along the plus 
wire visible 
Gummed-papertape....... OG. Seelaueteiats DSi eras 420 rete 0.33....0.23...Colorin paper visible; depth 
in corrosion visible 
Gummed-paper tape....... OG a. s.r aemeet DA eae cm 410.0%. 0.33....0.21...Colorin paper visible; depth 


in corrosion visible 


Table Ill. Corrosiveness of Various Materials at a Humidity of 100 Per Cent Plus Dew at 35 
Degrees Centigrade. Measured by the Corrosion-Current Method 
Corrosion Current, Microamperes 
Thickness, 

Material Mils Average Minimum Maximum 
Polystyrene fil ma...y- mysterio eee Ti kenaieccre <0.0001 
Cellulose-acetate film A.................. Le at es 0.0005. 0.0002 0.0008 
Cellulose-acetate film B.........:..:..--s. 01,04 eer 0.056 0.039 0.070 
Cellulose-acetate film C..2....... cee LOG Olesmerttes 0.86 0.43 1.07 
Continuous-filament glass cloth........... Ae Sithas ome 340 240 420 
Cellulose-acetate cloth......../... ...... VA) Be Meares oc 290 240 340 
Cottonsclothinssirdsgiteesce syereyorie sings ee Btey eee ‘926 Wehner 420 310 500 
Cellophane film crs ceinerena eee ewer ateie acne On See eee 680 500 800 
Kraft papet Ais centre erin, impipenenlnom ees PR Sierras Arfoud coc 200 180 220 
Kraft papéruBas trys. cane succor netinete ieee O20 Sitetkoniee 1,470 1,360 1,600 
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sensitivity. 
upon the judgment of the observer. The 
_ visual test may be used at any humidity. 


The visual test gives qualitative results. 
icroscopic examination is used to increase 
The rating depends somewhat 


2. The corrosion-current test is quantita- 
eve and the most sensitive method. Cor- 
“a 


-rosion, which may take considerable time 
to show up under a microscope, can be 


See Pe Thy Se, se ae oe 
a pe : ~~ a c ‘ 


quently, corrosion characteristics should 


be determined and controlled by test. 
Such tests form a basis for design. 


Appendix. Factors Influencing 
Electrolytic Corrosion - 


Ifa direct potential be applied between two 
copper wires separated by an insulating ma- 
terial, current will flow. At low humidities 


4 Table IV. Corrosion Currents for an Acetate-Fabric Tape and a PaperTape at Various Humidities 


Fs _ Specimens on Glass Rods, Spacing Between Copper-Wire Electrodes One Inch, Voltage 120 


a 
“4 
‘5 
d 

i 


me 


! 


~ Volts Direct Current. Current Measured 15 Seconds After Application of Voltage. Current 
in Microamperes 
Humidity, Per Cent 100 Plus Dew 100 96 91 85 81 
_ Degrees Centigrade 35 25 25 25 25 25 
; \ 
_ Cellulose-acetate fabric adhesive tape . 
LOD Teen he BES leet coe On04T 5s 0.00844 
65ers EBON ace! 0.0552...... 0.00420 
TY 0 nee ae ee We OTeeec 0.0679...... 0.00789 
AT isa fate 48 9). OS ee G}.05325e5. 5 0.00445 
FING Seep es 7 Ba ES ee 0.0457 
SOT k= ae aga, ObSI tetas 0.0503 
Average 169 ......... ORT QRe eas Qs05280. 40 0.00499 
_ Gummed-paper tape 
“ LAR MGB0o 62s cas. AGAG se BIRO xoenntce 12, 6 ean 4.74 
: Sil4Ohg 2 2a: 720 ee se Fo BOSS ett: PBA ee eet 10.0 Sa een 4.89 
BSA0nee Ae REC omer 3 Hla ek 51 ere 1100s eee 4.82 
ESC UIO el epee ace I-60 aie oer evi) ee gee ae GBP 4 eevee Sa S anes Ja 5.32 
68.7 
64.7 
Average 5,220......... A GOO! = tee 463 BAY patio ie 10.8) one 4.94 


* Not used in obtaining the average. 


quickly evaluated. The corrosion-current 
method is also applicable at any humidity. 
3. The water-extract test is quantitative 
but limited in correlation to corrosion tests 
made at 100-per-cent relative humidity plus 
dew. Considerable care is necessary to ob- 
tain accurate results. 


The corrosive nature of insulating ma- 
terials differs widely. In facta single class 
of materials may possess a wide range of 
corrosion-inducing characteristics. No 
class of materials yet has been found to 
be completely mnoncorrosive. Conse- 


this current is usually exceedingly small. 
As humidity is increased, moisture may be 
absorbed within the insulating material and 
adsorbed on the surface. In the presence of 
the free water the current increases markedly 
for most insulating materials. If the air 


become saturated with moisture, the water 


may condense on the surface to form an ad- 
ditional path for current flow. As current 


‘flows, the copper at the positive wire is 


ionized and combines with the acidic or 
oxidizing component of the electrolyte. 


Pure water is a good insulator, but water 
will dissolve avidly at least small amounts 


Figure 9. Comparison of cor- 
rosion current with conductivity 


of water extract for fabrics, 


paper, and cellophane 


Corrosion current:is in micro- 


MI CROMHOE 


June 1945, VOLUME 64 


amperes per mil thickness for a 
humidity of 100 per cent plus 
dew at 35 degrees centigrade. 
Conductivity of water extract 
is in micromhos per centimeter 
per mil thickness for 100 square 
inches per liter of water 


Thompson, Mathes—Electrolytic Corrosion 


A B 
Figure 10. Diagram showing the angles of 
contact, 9, of a drop of water to an insulating 
material 


A.—A high angle 


B.—A low angle 


of a great variety of substances. These ma- 


terials ionize to form an electrolyte. The 
sources of electrolyte in insulation can be 
listed as follows: 


1. Water-soluble constituents on the surface or in 
the body of the material. 


2. Chemical hydrolysis, for example, of glue. 


3. Electrochemical decomposition to give water 
soluble constituents—cellulose, for example, may 
be oxidized to give acidic components.? 


4, Chauee due to heat: 


(a). To give water-soluble decomposition products 


(6). To produce sweating of mptet ore con- 
stituents to the surface. 


(c). To permit penetration of water into the body 
of the material which may contain soluble ma- 
terials. 


5. Presence of fungus, which produces water- 
soluble products in their growth process. 


When liquid water condenses on the sur- 
face, it may tend to form tiny drops or 
spread to a continuous film as shown sche- 
matically in Figure 10. The angle of con- 
tact at the interface between water and the 
solid insulating material is called the con- 
tact angle. This angle is a measure of the 
tendency of water to spread or to collect in 
droplets (the tendency to collect in droplets 
is associated with high-contact angle). 
Disconnected droplets, even though they 
contain an electrolyte possess relatively high | 
resistance to current flow. In contrast a 
continuous water film containing electrolytes 
will conduct current readily. 

Insulation in devices which have been 
varnish treated or coated may not reach a 
moisture content in service corresponding 
to the atmospheric humidity because: 


1. The length of the period of idlenéss for the in- 
sulation to reach a stable moisture condition in- 
creases with the delay in the entrance of moisture. 


2. WVarnished-treated insulation, even though 
poorly treated, will not take on as much moisture 
as the untreated material. 


In other words, when voltage is applied in 
service the insulation is at a moisture con- 
dition corresponding to some humidity be- 
low the atmosphere humidity to which the 
device is exposed. For such applications it 
may be desirable to make the corrosion test 
on the insulation at a humidity below the 
service conditions of humidity. 

Since so many factors may produce elec- 
trolytic corrosion, only actual test can be 
the deciding factor. 


References 


1. CoRROSION CAUSES AND REMEDIES IN FINE 
WirE Macnet Corts, B. W. Erikson. Product 
Engineering, March 1943, page 158. 


2. CAUSES OF CORROSION OF FINE COPPER WIRE 
CARRYING A PoTenTIAL, H. N. Stephens, G. B. 
Gehrenbech. AIEE TRANSACTIONS, volume 59, 
1940, June section, pages 357-60. 


TRANSACTIONS 299 


ei 
F 


: Synopsis: 


P. L. ALGER 


FELLOW AIEE 


~The advent of new _high- 


~ temperature insulating materials, such as 


_ the silicones, gives new freedoms to the 
“motor designer. 


It is probable, however, 


that factors other than insulation will limit 


> 


a 


the desirable motor-temperature rise to 
values well below the endurance limits of 
these materials. It is, therefore, desirable 


to recognize that the size of an induction 
motor is measured electrically by its break- 
_ down torque, and mechanically by the size 


lof shaft and bearings, the temperature rise 


being only a secondary factor. Calculations 


are presented, based on idealized assump- 
- tions, which indicate that the optimum 


temperature rise for continuous rated induc- 
tion motors is below 80 degrees centigrade, 


~ whatever the insulating materials used. 


OME NEW synthetic insulating ma- 
terials, such as the silicones, have 


- much higher temperature endurance than 


any flexible insulations heretofore known. 
It is probable that coil windings insulated 
with these new materials will have fully as 
long a useful life at a continuous tempera- 
ture of 175 to 200 degrees centigrade as 


present class A or class B insulations 


have at their standard hot-spot tempera- 
ture limits of 105 and 130 degrees centi- 
grade, respectively. Presumably AIEE 
Standard 1! will be revised, to recognize 
these new materials, with a permitted 


temperature rise by resistance of the 


order of 120 degrees centigrade; on the 
same basis as the 60- and 80-degree-centi- 
grade rise values now recognized for class 
A and class B materials. 

These materials will open the way to 
smaller and lighter motors for many spe- 
cial applications, where intermittent 
operation, frequent starting, or restricted 
ventilation make small frames and high 
temperatures necessary. Also, they will 
have an insurance value because they will 
enable motors to withstand stalling and 
exposure to high ambient temperatures 
for longer periods. The silicones, there- 
fore, will be welcomed by motor de- 
signers. 

It is well known, however, that a large 
proportion of the general-purpose motors 
now produced in a highly competitive 
market have temperatures well below 


Paper 45-50, recommended by the AIEE committee 
on electric machinery for presentation at the AIEE 
winter technical meeting, New York, N. Y., January 
22-26, 1945. Manuscript submitted December 1, 
1944; made available for printing January 4, 1945. 
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those permitted by the present de 


Also, despite the availability of class B per, bronze or ‘silver 


insulations, the lower temperature class 
A insulation is used for most low-cost 
electric apparatus. 

It, therefore, appears that the high 
temperatures permitted by the new ma- 
terials will not be utilized in many 
applications, even when the materials 
themselves are employed. 

Two questions, therefore, arise: 


1. What is the optimum temperature rise. 


for general-purpose electric equipment, such 
as an induction motor, for example? 


2. How should the method of rating be 
changed, if the operating temperature is not 
limited by insulation life? : 


Effects of High Temperatures 


There are several ways in which tem-— 


perature affects the operation of a motor, 
besides the thermal life of the insulation. 


BEARINGS 


The organic bearing lubricants deteri- 
orate rapidly at temperatures above 80 
to 90 degrees centigrade. A very rough 
rule for general-purpose induction motors 
is that the temperature rise of the bear- 
ings is half that of the windings. Witha 
40-degree-centigrade ambient tempera- 
ture, therefore, a higher continuous tem- 
perature rise of the winding than 80 de- 
grees centigrade generally will require 
special provisions for cooling the bearings. 
There is hope, however, that synthetic 
lubricants will be developed to withstand 
much higher temperatures. 

It should be noted also that motors 
must have shafts and bearing diameters 
suited to the torques, pulley sizes, and 


‘THERMAL. EXPANSION 


ee "160 de 
_by-using silver s 
other special features 


limits can be raised, i 
economic incentive, 


Thermal expansion occurs in 
amounts for copper, iron, and insula 
materials. The higher the temper: 
and the larger the machine, the gre: 
the risk of insulation cracking, and other — 
types of mechanical failure. This factor 
is limiting in such large machines as 


Table 1 


‘ 


Temperature Rise 
Above a 40-Degree- 


Centigrade Ambient Relative Resistance 


Temperature of Copper 
Osc Fawwts e eislec siole stele ee alee ts 0.82- 
GOS cha: cree ane tere ate 1.00 
120. ak dennis hohe rete etch eee 1.18 
DSO Fic, cares ee re a ete 1.36 
240 ois 7 ses oats Bia) os abe 1.54 


turbine alternators, 
rise values below 100 degrees centigrade, 
but is not important in small motors. 
Its importance when the new synthetic 


with temperature- — 


insulations are used will be measured in- — 


versely by the flexibility of these insula- 
tions. This still is being investigated. 


Iron Loss 


The core losses are slightly reduced at — j 


increased temperatures because of the in- 
creased resistivity of the iron, and conse- 
quently lowered eddy currents. This 
factor is not important, however, as the 
iron loss itself is not controlling, and the 
eddy current loss is only a part of this. 


belt pulls required to transmit their rated Probably an increase of the temperature. 
rise from 60 to 120 degrees centigrade . 


horsepower loads. If motors are to be 
built in radically smaller sizes, these 
smaller motors must have shafts and bear- 
ings materially larger in proportion to 
their frame diameters than now custom- 
ary. Hence, existing motor frames gen- 
erally must be redesigned mechanically, 
if they are to carry higher horsepower 
ratings. For a given horsepower, speed, 
and type of drive, the shaft diameter 
should be the same. 


METALLURGY 


would reduce the core loss of a typical in- 
duction motor by less than a tenth; 
raising the efficiency by perhaps a third of 
a point. 


Coprer Loss 


The copper losses are increased in pro- 
portion to the increase in resistivity at 
elevated temperatures. 
pressed by Table I. 

On this account, 18 per cent more cop- 
per section must be used in a given motor, 


A number of the metals ordinarily used with 160-degree- centigrade copper tem- 


in motors are affected by high tempera- 
tures. Pure tin solder melts at 232 de- 
grees centigrade, and the tin-lead bab- 
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perature, to secure a given efficiency, than 
in a similar motor with only 100-degree- 
centigrade copper temperature. Eight- 
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_ OVERLOAD SCL rey : 


_ The overload capacity of the ees is 
markedly reduced, when the full-load ~ 
temperature rise is increased. Assume, 
example, that two similar motors in a 
0-degree-centigradeambient temperature 
_ are compared at 1.25 times rated load, 
motor A having 60 degrees centigrade, 


at rated load; both motors having the 
_ same component losses at rated load. In 
each case, the copper losses at 1.25 load 
will be roughly 1.56 times the copper 
— at rated load, since they vary as 
the square of the current. 
4 Since the temperature rise at overloads 
ae is nearly proportional to the copper loss, 
£. motor A will have an apparent tempera- 
‘ture rise at 1.25 load of about 1.56 X60, 
or 94 degrees centigrade, while B will 
= about 1.56120, or 188 degrees 
e centigrade rise. With these increases in 
_ temperature, the copper resistance in- 


ae eae ely 
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RISE AT RATED CURRENT 
Figure 1. 125-per-cent versus 100-per-cent 
current temperature rise for electric apparatus 
with an ambient temperature of 50 degrees 
centigrade 


Temperature rise assumed proportional to the 
nth power of the /?R loss 


creases also, causing higher losses and still 
further rise of temperature. This causes 
the phenomenon of ‘‘temperature creep,” 
-whereby the temperature goes on increas- 
ing for a long time after the application of 
an overload, in extreme cases becoming 
unstable and rising to destructive values. 
In the case of natural convection, as for 
a transformer, the heat dissipation rate 
increases faster than the temperature rise, 
‘so partially offsetting the effect of in- 
creased copper resistivity. In the case of 
‘forced convection, as for a high- speed 
motor, the heat-dissipation rate is pro- 
‘portional to the temperature rise. 
These effects are illustrated in Figure 1, 
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and motor B, 120-degree-centigrade rise . 


_ from: which aie net. additional tempera- 5. The. flux densities of the stator ‘teetirands es 


ture at 1. 25 load can be estimated as a 
~ function of the rise at rated load. It is 


esting to note also that the thermal 
_ time constant of the motor with 120-de-— 


_ gree-centigrade rise is 16. per cent greatet 
on overloads than that of the motor with 
60-degree-centigrade rise, due to this 
temperature-creep effect. 

All of the effects discussed under 
previous headings are produced by the 
extra temperature rise on overload, their 
magnitudesincreasing rapidly as therated- 
load temperature rise is increased. 

It is a general rule that the life of or- 


ganic insulation-is halved for each ten-de- 


gree-centigrade rise in temperature, ap- 
proximately. The effects of temperature 
on lubricants, expansion, and so forth, 


also increase exponentially. Therefore, 
_even if the materials in motor B have the 


same life at 160 degrees centigrade as 
those in motor A have at 100 degrees 
centigrade, it is probable that motor B 
will have a life at its ultimate 1.25 load 
temperature of 285 degrees centigrade 
(Figure 1) only a small fraction of the life 
of motor A at its 1.25 load temperature of 
147 degrees centigrade (Figure 1). 

If the ten-degree-centigrade law for 
half life holds for the insulating materials 
in motor A, they will last only about four 


per cent of the time at 1.25 load that they. 


would last at rated load. Even if the 
materials in motor B’are so much more 
heat resistant that they follow a 15-de- 
gree-centigrade law for half life, this motor 
will still last only one-third per cent as 
long at 1.25 load as at rated load. Other 
estimates of the life at one and one-fourth 
load for different full-load temperature 
rises are given in Table II. 

Thus, the magnitude and duration of 
overloads must be considered very care- 
fully before a high temperature rise is 
selected for electric equipment. 


Selection of Optimum Temperature 


The urge to use a higher temperature is, 
of course, the advantage gained in reduced 
size, weight, or cost. There must be 
some optimum temperature rise, there- 
fore, which strikes a balance between 
these advantages and the disadvantages 
mentioned above. 

A series of calculations were made to 
determine this optimum temperature rise 
for a general-purpose induction motor of 
about 30-horsepower rating. These cal- 
culations were based upon several assump- 
tions, as follows: 


1. The ratio of motor length to diameter 
was held constant. 


2. The over-all weight of the motor varied 
as the cube of the diameter. 


3. The air-gap length varied as the square 
root of the motor diameter. 


4, The maximum torque of the motor was 
held constant, which in turn signified that 
the motor reactance remained at one vallite. 
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core were held at a specified constant value. 


6. The core loss and windage and ipa a 
were held constant. 


7. The space factor of the stator slots was fi, : 

held constant until the 60-degree-centigrade aa 
temperature-rise point was reached. At Ree 
this rise, the space factor changed as a result “ 


insulating materials. 


8. The temperature rise of the motor wl 
assumed to be directly proportional to the 
heating losses, and inversely proportional — Foe za 
to the square of the motor diameter. e 


9. With the motor running continuously $3 = 


SO -2 
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Figure 2. Effect of rated-load temperature 
tise on motor cost for 30-horsepower induction 
motor 


; 
Solid curves give costs with insulation allow- — 
ances now in use. Dotted extensions show 
cost with allowances and insulation costs | 
equivalent to class A 

: 

1 


The break in the solid curves is a result of 
changing from class A to class B insulation 
costs and allowances 


Curve 1—Direct factory cost of motor 
Curve 2—Factory cost plus efficiency cost 
Curve 3—Factory plus efficiency plus replace-_ 
ment cost 
Curve 4—Factory plus efficiency plus addi- 
tional fan cost 


at name-plate temperature rise, the motor 
life was taken to be seven years. In order 
to evaluate the overload life of the motor, 
the following duty cycle was assumed: 


Two hours per day at three-fourths load 

Four hours per day at full load 

Two hours per day at one and one-fourth 
load 


In addition, it was assumed that the 
temperature rise necessary to halve insula- 
tion life became greater as the name-plate 
rise increased, as given in Table III. 

With the assumptions of a duty cycle and 
the temperature rise necessary to halve 
insulation life, it was possible to evaluate a 
motor-replacement cost. This cost of re- 
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At Rated Current, 


Temperature Rise From Figure 1 


 At1.25 Current, 


= Halved for Each 
Ten-Degree-Centigrade 


~ Current 


. placing. worn-out motors indefinitely was 


amortized at a ten-per-cent interest rate. 
10. Other factors conercars to the cost 
of the motor were: 


a. The factory cost of the motor was 
divided into two parts. The cost of bear- 


‘ings, shaft, and mechanical parts remained 


fixed at 25 per cent of the factory cost of a 
50-degree-centigrade rise motor. The re- 
maining 75 per cent of the direct motor costs 
varied directly as the cube of the diameter. 
At a temperature rise of 60 degrees centi- 
grade, the additional cost of class B insula- 


tion (as now available) was added. This. 


amounted to 20 per cent of the cost of the 50- 


- degree-centigrade rise motor. 


b. One kilowatt of motor loss had an 
equivalent factory cost of $40.00. This 
was based upon 2,000 hours yearly opera- 
tion, one-half cent per kilowatt hour power 
cost, and amortization with a 25-per-cent 


"interest rate. 


11. The additional /*R losses resulting 
from temperature rise alone (above a 50- 
degree-centigrade rise) were given an 
equivalent factory cost, and this amount 
was spent on extra ventilating equipment. 
The cost of fans for the 50-degree-centigrade 
rise motor was taken as five per'cent of the 
direct factory cost. The heat dissipation 
varied as the fourth root of the amount 
spent on fans. 


Figure 2 shows results obtained based 
upon the foregoing assumptions. The 
solid curves indicate the effects of going to 
higher-temperature motors with present- 
day insulation costs and space allowances. 
The distinct break at 60-degree-centi- 
grade rise is caused by the additional cost 
of installing class B insulating ma- 
terials, and the additional insulation- 


space allowance which must be made in 


the stator slots. The dotted extensions 
above 60 degrees centigrade indicate 


_characteristics that could be obtained if, 


in the future, the cost and space allowance 
for class B materials could be brought 
down to present-day class A standards. 

It will be noted that curve 2, showing 
the cost of the bare motor plus losses, has 
a minimum at 80-degree-centigrade rated- 
temperature rise, even though the motor 
is assumed to operate only 2,000 hours a 
year. 
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If additional cooling is provided, as’ 


indicated by curve 4, to increase the over- 
load capacity, the minimum cost occurs 
at a little lower temperature, and this 


effect would be accentuated if the motor © 


were operated for more than 2,000 hours. 

Curve 3, which adds the replacement 
costs on the basis of continuous operation 
throughout the year, 25 per cent of the 
time at 1.25 load, shows a further reduc- 
tion of the temperature rise for minimum 
cost. The significance of this curve lies 
in its shape rather than the actual values, 
since it is based on quite arbitrary as- 
sumptions. 


Discussion 


The foregoing indicates that although 
there is no single answer to the question, 
the optimum general-purpose motor tem- 
perature rise at rated load is below 80 
degrees centigrade by resistance. 

One point that stands out in the above 
analysis is that the space required for the 
insulation is of great importance. For 
example, glass fiber and varnish-insulated 
wire, as used in class B insulated induc- 
tion motors, has roughly ten-per-cent 
larger diameter than resin-insulated wire, 
as now commonly used in class A motors, 
requiring an increase of roughly one half a 
frame size, or about 15 per cent in-equiva- 
lent rating, for the same motor perform- 
ance. 

A second point that stands out from the 
analysis is the importance of efficiency in 
the case of motors operating for ex- 
tended periods. As the curves in Figure 2 
illustrate, even if a motor is designed for 
a high-temperature rise, it may be eco- 
nomical to provide extra cooling simply 
because of the reduced losses and greater 
overload capacity thereby obtained at a 
relatively low cost. 

It seems clear, therefore, that the tem- 
perature rise of continuous rated motors 
will continue to be a useful measure of 
their performance, and that the present 
usual values will not be changed ma- 
terially by the advent of the new high- 
temperature insulations. 

For the short-time-rated and intermit- 
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of motor size. 
There are, nos, “i 

measures of motor capacity at 


Ihaeehhe breakdown torque. 7 
2. The shaft and bearing sizes. na 
3. The rated-load temperature: rise in . 
verse). v3 es 


a ‘ 
All of these must be chosen to suit the 
application. In a particular “case, any 
one of these may be limiting. 


Conclusions 
The following conclusions are reached — 
from this analysis: 


1. The silicones and other new high-tem- 
perature insulating materials will give new 
freedom to the motor designer, permitting 
lighter weights, more severe duty cycles, 
and more difficult applications of motors¥in 
many cases. 


- 
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Temperature Rise, 
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2. With these new high-temperature ma- 
terials, the temperature rise of the windings 
of continuous rated motors will be limited 
by the efficiency and overload requirements 
rather than by insulation life. 


38. To keep these new motor developments 
on a sound basis, it is important to recog- 
nize that high temperature in itself is not 
a virtue. . The best motor for any job is the 
one that has the right combination of break- 
down torque, efficiency, and shaft size, with 
the lowest temperature rise that can be se- 
cured at a reasonable cost. 
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| SHE enormous development in the use 
- Bf of rectifiers for the electrolytic reduc- 
3 tion of light metals has been an outstand- 
ing development of World War II. One 
~ important problem in this rectifier de- 
_ velopment has been the performance at 
the time of rectifier arc-back. Currents of 
_ between 50,000 to 100,000 amperes may 
be encountered on an individual rectifier 
_.and associated transformer. Still higher 
Re orrents would obtain if back feed from 
other units on the same bus were not elimi- 
nated by prompt isolation from the cir- 
‘cuit or d-c bus. 
This development in rectifiers has pre- 
sented the need for more basic informa- 
_ tion on the performance of rectifier cir- 
-cuits under arc-back conditions. Knowl- 
edge of arc-back currents is important in 
the design and operation of rectifiers, 
‘transformers, and circuit breakers used 
for their control. The scope of the present 
paper is limited to a general discussion of 
arc-back phenomena and the results of 
artificial arc-back tests, particularly as to 
the magnitude—time characteristics of the 
arc-back currents. 
Arc-back of a rectifier is a term that re- 
fers to the phenomena that occur when 
current flows from the cathode to an an- 
ode, the reverse from normal direction of 
flow. In effect, an arc-back provides 


~ 


1. Short circuit on one phase of a rectifier- 
transformer circuit. 

2. Paths for the flow of direct current or 
pulsating current from other rectifier phases 
and from the d-c bus. 


Consequently, the arc-back currents un- 
der these conditions are greater than the 
sustained currents corresponding to a 
three-phase short circuit on the rectifier- 
transformer secondaries of the star group 
~ subjected to arc-back. 

Arc-back phenomena contain many 
factors that are as yet but imperfectly 
understood. Commercial rectifiers are 
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Artificial Arc-Back Tests 


A.J.MASLIN 


ASSOCIATE AIEE 


subject to occasional arc-backs, the fre- 
quency of which is known to increase as 
functions of the rectifier current and out- 
put voltage. The tendency to arc-back 
is also known to increase as the amount of 
phase control is increased. It is common 
experience that the frequency of arc- 
back decreases after a unit becomes “‘sea- 
The frequency of arc-back also 
increases if severe loads are applied on a 
cold rectifier or one that has been carry- 
ing a very light load. These factors have 
been recited as a matter of general back- 
ground because the mechanism of arc- 
back was not within the scope of the 
present investigation. 


Artificial Arc-Back Tests 


In studying the character of arc-back 
phenomena,!.? the most desirable method, 
of course, is to observe actual arc-backs 
under service conditions. Records of arc- 
backs that have “occurred under service 
conditions have been obtained by means 
of an instrument especially devised for 
this purpose, called the memnoscope.® 
This investigation, however, did not 
make use of that method because it was 


undesirable to take all the necessary re- 


cording apparatus to the field and because 
it was undesirable to await arc-backs as 
they occur in practice. For this reason 
the investigation was made in the labora- 
tory with some field tests for corrobora- 
tion of the chief results. 

There are two principal methods for the 
artificial representation of arc-back phe- 
nomena, namely, 


1. Short-circuiting switches. 


2. Reverse-connected ignitrons or single- 
tube rectifiers. 


The simplest method of simulating an 
arc-back is to connect the anode to the 
cathode by a short-circuiting switch. 
In particular, the short-circuiting switch 
was provided with a high-speed mecha- 
nism which was electronically controlled so 
as to initiate the arc-back close to the de- 
sired point of the voltage wave. 

The second method of simulating arc- 
backs is to use a reverse-connected rec- 
tifier in parallel with the ignitron or 
other rectifier element to be subjected to 
an artificial arc-back. In practice a re- 
versed ignitron was used and it provided 
an easy method for controlling the initia- 
tion of the artificial arc-back. However, 
the reversed ignitron presents some im- 
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tron subjected to arc-back. In the actual 
arc-back, current flows from the cathode — 
to the anode, whereas in the reversed i ig- a 
nitron it flows from the anode to the 
cathode. Another difference is that a tie 
loaded ignitron subjected to actual arc- 
back is operating at normal temperatures ~ 
and has normal ionization, whereas the ~ 
reversed ignitron is initiated from a no- | 
load condition. However, the test data, 
subsequently given under the heading of 
“Arc-Drop Characteristics of Arc-Back 
Currents,’ show that for the same current 
flow there is little actual difference in the 
are drop of a reverse-connected ignitron _ 
from that of a normally connected igni- | 
tron under are-back conditions. 

In comparison of the two methods of 
representation of an arc-back, it will be 
evident that the short-circuiting switch 
offers too small a resistance because the 
effect of the arc drop in the ignitron is 
not taken into account. Compensation 
for this arc drop might be approximated 
by the addition of a resistance in series 
with the short-circuiting switch. How- 
ever, the simplicity of the scheme using . 
a short-circuiting switch commends it- 
self, and the resulting slightly pessimistic 
test condition is not objectionable. 


Factors Affecting Arc-Back Current 


In the study of are-back currents, it is 
convenient to refer to the schematic dia- — 
grams of rectifier circuits that are illus- 
trated in Figure 1. In the two parts of . 
this figure are shown the two principal 
methods used for clearing arc-backs. 

The principal factors that affect the 
arc-back current magnitudes for either 
the initial or subsequent peaks are as 
follows: : 
1. Characteristics of the a-c supply i : 
including the reactance of the rectifier 
transformer and source. | 
2. Characteristics of the d-c back-feed . 
system, including the breakers used to inter- 
rupt back-feed current. 


8. Method of clearing arc-backs. 


4. Arc-drop characteristics of arc-back 
currents. 


5. Rectifier firing conditions, including the 
use of phase control. 


6. The time of initiation of the arc-back. 


7. Sympathetic arc-backs in associated 
rectifier elements and their possible recovery 
for subsequent normal nonconducting 
periods. 


1. CHARACTERISTICS OF A-C SUPPLY 
SYSTEM 


The basic factors in the determination 
of are-back current are, of course, the 
circuit voltage and the reactance of the 
rectifier transformer and the source. In 
most large rectifiers the size of the indi- 
vidual transformer is fairly definite, cor- 
responding approximately to an output 
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- pha 
groups of windings, which operate Sse 
stantially as independent units. 
ently each secondary winding supplies 


% 
ee in parallel with the first, but for 
_ simplicity these are not shown. The 
~~ equivalent impedance diagram for one of 
a these transformers with each group hay- 
_ ing one three-phase primary winding and 
two three-phase secondary windings is 
RY shown in Figure 2. Examination will 
__ show that the two secondary windings of 
4 each group are very closely coupled. Be- 
~ eause of the close coupling between the 
secondary windings, the equivalent-star 


high-voltage terminal that constitutes 
most of the transformer reactance. In 


small systems supplying a single rectifier | 


_ transformer, the source reactance may be 
- quite appreciable in comparison to the 
transformer reactance. However, in the 
case of large rectifier stations the react- 
-ance of the source becomes small in 
comparison with the reactance of an in- 
dividual transformer, so that the currents 
would be increased by only 5 to 15 per 
- cent if there were an infinite bus at the 
& high-voltage terminals. 

» An arc-back causes heavy direct cur- 
rents to flow through the transformer- 
secondary windings, the effect of which is 
to saturate the core. However, because 
the arc-back is in effect a short circuit, 
the increased exciting currents that flow 


' 


as a result of the saturation in the cores - 


do not appreciably increase the total al- 
‘ternating current. This result is shown 
in an oscillogram included in the discus- 
sion of laboratory tests. - 


2. CHARACTERISTICS OF D-C Back- 
FEED SYSTEM 


Rectifiers may feed into load circuits 
supplied by motor generators, synchro- 
nous converters, or other rectifiers. 
However, in large stations, the charac- 
teristics of the d-c circuit are usually rela- 
tively unimportant in determining the 
magnitude of the back-feed current. This 
results from the circumstances 


1. That the inductance of the back-feed 
system is high. 

2. That high-speed anode or cathode 
breakers are used which are capable of iso- 
lating the arc-back before the back-feed 
currents reach large magnitudes. 


The magnitude of back-feed current is 
usually limited in large rectifier stations 
to from 40,000 to 50,000 amperes, the 
amount varying somewhat with the point 
of initiation of the arc-back. 


3. MetTHOD OF CLEARING ARC-BACKS 


Two methods for clearing of arc-backs 
are in common use; these are known as 
“cathode-breaker clearing” and ‘‘anode- 
breaker clearing’’*:> and are illustrated 
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ough a balance coil a second ignitron | 


diagram has a branch connected to the - 


@) 


schematically in Figure 1. This illustra- 


tion applies to larger rectifier installations 


used in the electrochemical industry for 
which two rectifier sections are supplied 
from single transformers. 
tem of Figure la the isolation of an arc- 


back in a rectifier element of one star 


group requires. 


1. The opening of the corresponding high- 
speed cathode breaker, normally operating 
in one-half cycle (on a 60-cycle basis). 

2.. The opening of the a-c supply breaker, 
normally operating in eight to ten cycles. 


With the system of Figure 1b the isola- 
tion of an arc-back in a rectifier element 
of one star group requires the opening 
of the associated anode-breaker pole, 
operating in about one-half cycle. It will 
be observed that the arc-backs are iso- 
lated from the d-c bus by the cathode 
breaker in one case and by the anode 


* breaker in the other, circumstances from 


which are derived the terms which desig- 
nate the method of clearing. Of course, 
with cathode-breaker clearing, the open- 
ing of the a-c supply breaker is required 
to isolate the arc-back from the a-c sup- 
ply. With anode-breaker clearing, the 
opening of the a-c breaker is not required 
for isolating the a-c supply; consequently, 
one a-c breaker may be used in the sup- 
ply to several rectifier units. A semihigh- 
speed cathode breaker operating in two or 
three cycles is used for disconnecting 
the rectifier from the bus; it also 
serves as a backup for the anode 
breaker. In the anode-breaker scheme 
the individual poles may be operated 
separately and restored separately or 
operated as a grottp as a result 
of the operation of an individual pole. 
In the small rectifier installations each 
rectifier section is supplied from a sepa- 
rate transformer and cathode-breaker 
clearing has been the method generally 
empleyed. The principal difference be- 
tween these two methods of clearing an 
arc-back is in the duration of the arc- 
back condition, which with (1) cathode- 
breaker clearing is one-half cycle for dis- 
connecting the d-c back feed and eight to 
ten cycles for disconnecting the a-c feed, 
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4, Arc-DRop CHARACTERISTICS UNDER 
Arc-BAcK CURRENTS ~ 


Arc drop of a rectifier element, asis ; well 3 
known, increases as a function of the cur- 


this voltage drop depends upon the par- 
ticular design of the rectifier and upon 
the magnitude of the current. The arc- 
drop data shown in Figure 3 were taken _ 
from measurements on the ignitron tube, — 
which is the most widely used unit in — 
commercial service. Figure 3 shows arc- 
drop data obtained for several different 
conditions of current flow, including nor- 

mal forward-flow current for the first a | 
subsequent cycles of heavy current result- 
ing from artificial arc-backs. Figure 3 _ 
also shows arce-back data obtained from 
some natural arc-backs which were the | 
result of an artificial arc-back on some 
other anode: In general, the are drops 

obtained under natural arc-backs have 

magnitudes corresponding closely to those 
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Figure 2. Equivalent impedance diagram for 
typical rectifier transformer used in large 
electrochemical installations 


Diagram applies to transformer with double- 
delta primary and quadruple-wye secondary 
as in Figure 1. Impedances expressed in per | 
cent on total transformer kilovolt-amperes 
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to represent average A Se 


_ data suggest 


1. A slow increase in voltage drop for 


currents up to 20,000 amperes. 


2. <A rapid increase in the range between 
20,000 and 40,000 amperes. é 


3. A reduced rate of increase for the range 
between 40,000 and 80,000 amperes, the 
“maximum for which are drop was observed 
during arc-back tests. 


The presence of are drop reduces consid- 
erably the magnitude of maximum arc- 


40 
CURRENT PER TUBE — AMPERES x 10? 


co) 20 68 80 
Figure 3. Arc-drop characteristics of standard 


ignitron tube under different conditions 


Normal conduction, anode to cathode: 
H—Are drop under full-load conditions. 


Reverse-connected ignitron in parallel with 


normal-connected unit: 
A—First cycle A—Subsequent cycles. 


Reverse-connected ignitron in. place of normal- 
connected unit: 


©—First cycle @—Subsequent cycles 


Reverse conduction, cathode to anode: 
x—Natural arc-back 


back current. The difference between 
maximum are-back currents on artificial 
arc-back tests with a reversed ignitron 
and on tests with a short-circuiting switch 
is about 15 per cent, and this may be at- 
tributed to the effect of additional arc 
drop in one phase. Because of the arc- 
drop characteristics under heavy currents, 
it is evident that arc-back simulation by 
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i “Tt was SS met surpris- 
: that the arc econ under arc-back con- 


< the aoaiial full- Mosd arc icos which 
is also shown in the figure. 

The arc-drop data shown in Figure 3 

would not permit drawing a simple curve 

The 


non-are-back current 
observed for indi- 
vidual tubes, plotted 
on 100 per cent and 
O per cent probabil- 
ity lines, respectively: 


means of a short-circuiting switch slightly 
increases the arc-back currents. 


5 RECTIFIER FrirING CONDITIONS 


The method and time of firing each 
rectifier element has an important effect 
on the magnitude-time characteristic of 
arc-back currents. The general effect 
of phase control is to reduce the magni- 
tude of arc-back currents. In the con- 
tinuously excited rectifiers without phase 
control each incoming anode starts carry- 
ing current as soon as the proper differ- 
ence of potential is reached, that is, when 
a slight positive potential appears on the 
incoming anode. In rectifiers with phase 
control obtained by grid or igniter delay, 
the start of conduction is correspondingly 
delayed. If the supply to the grid or ig- 
niter circuit is not affected by the arc- 
back currents, the firing will normally 
take place at definite points on the a-c 
supply wave. In this investigation only 
ignitrons under normal firing conditions 
were investigated; tests in the laboratory 
were made without delayed firing or phase 
control; tests in the field were made under 
actual operating conditions and these in- 
cluded some phase delay. 


6. INITIATION OF THE ARC-BACK 


The magnitude of the initial crest of the 
arc-back current is importantly con- 
trolled by the time of initiation of the 
arc-back, this magnitude being the maxi- 
mum when the arc-back follows imme- 
diately after the end of normal conduc- 
tion and a minimum when the arc-back 
occurs just before the end of the noncon- 
ducting period. If the arc-back occurs 
shortly before normal conduction begins, 


‘ there is a small first cycle followed by a 


high second cycle which approaches the 
magnitude of current corresponding to the 
crest of an arc-back occurring at the end 
of normal conduction. The magnitude 
of the initial arc-back current crest is of 
principal importance when anode break- 
ers are used, since the subsequent arc- 
back current cycles are not experienced 
because of the isolation of the phase sub- 
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o—Different tubes, field test — 


jected to arc-back. With 
breaker clearing the back feed is quickly | 
interrupted, but the current- tends to 
reach the same crest at the end of eight 


ever, the difference that if the arc-back 
occurs late in the cycle there are fewer 


cycles of high current. 2 ee 


7. SYMPATHETIC ARC-BACKS 


By a sympathetic are-back is meant one 
which occurs as the result of a natural or 
artificial arc-back in another anode cir- 
cuit. 
arc-backs are not fully known. However, 
the tendencies toward sympathetic arc-~ 
backs are importantly affected by the 
magnitude of the are-back current and 
previous load conditions in the rectifier 
unit. If the arc-back tests are made un- 
der conditions approximating the severity 
of arc-back current encountered in the 
usual commercial operation, the arc-back 
current magnitudes can reach 50,000 to 
70,000 amperes or even higher. Under 
these conditions the forward-flow current 
in units of the same star group as the 
anode subjected to arc-back become very 
large. In the laboratory tests subse- 
quently described, efforts were made to 
load the ignitrons so as to approximate 
the temperatures and ionization condi- 


Table I. Crest Values of Anode Currents in 
Field Tests 

Kiloamperes in Various Anodes 

Current °£_——_ 

Test Direction* Xi: X2 Xs Xe Xs Xe 

1 eS rosa BS icc B6ins ot) econ UsTASOS 

ae Roos? On. Oat) essa eSen ae 

2 ee 837... 3 24. 3243. 26 re OSes 
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3 ve AOLAG 35. Dict eo, 2 Oi 

Rove On 6s) 0255 108 SOROS Str 

4 ie ae Res STL. 040.0 20-4 Uoeroe 

— Roo 05e ON Ore 4 Oe Oo ame 

5 ey aaa 4a TAO sO nae 

Lee RAE. hee Oise LO anne 0; ..62..4 0 


* F, forward flow, R, reverse flow on arce-back. 
Artificial arc-back placed on anode Xj. 
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cathode- 
_ 
> < 
or ten cycles, regardless of the point of 
initiation of the arc-back. There is, how- 


The causes of such sympathetic — 


oh Pa = % 


tions corresponding to service conditions 
: prior to the arc-back tests. Because of 


the differences between the “‘green” tubes - 


- in the laboratory and the ‘‘seasoned’’ 
- tubes in the field and the difference in the 


operating-temperature conditions, there | 


_ was less tendency toward sympathetic 
_ arc-backs on tests in the field than in the 
_ laboratory. 

The controlling factor in the produc- 
tion of sympathetic arc-backs is the mag- 


nitude of forward-flow fault current in the 


preceding half cycle.6 This is shown by 
the probability-of-arc-back curve of Fig- 
ure 4, which is based on extensive labora- 
- tory tests and a limited number of field 
~ tests described in a later section of this 
paper. Figure 4 shows that for the stand- 
ard ignitron tube there are 


1. A non-are-back region (or more pre- 
- cisely, a low-arc-back region) for forward- 
flow currents of less than 13,000 amperes 
crest. 


2. An arc-back region for forward-flow 
currents greater than 24,000 amperes crest. 
°3. An intermediate region for which sym- 
pathetic arc-backs occur with high proba- 
bility. 

For this intermediate region an average 
probability curve is plotted from the 
results of tests using relatively narrow 
current ranges. Also on Figure 4 are 
plotted for individual tubes, whenever 
justified by the data, 


1. The highest forward-flow current with- 
out arc-back. 


2. The lowest forward-flow current with 
arc-back, 


Figure 4 is based on 100 artificial arc-back 
tests in the laboratory and each test 
may provide data on 5 or -11 ignitron 
tubes. It will be observed that the re- 
sults from the five field tests are not in- 
consistent with data obtained from the 
extensive laboratory tests. 

In connection with Figure 4, it may be 
observed that the probability curve 
should show a definite but negligibly small 
value for low currents, since arc-backs do 


Table II. 


small in comparison with the total num- ie 
From the | 


Magnitude of Arc-Back Currents 


(he aia of paeaiee ts s 


ber of cycles in operation. © 
standpoint of arc-back phenomena, the 


significance of the probability curve re- “if 


sides in the circumstance of whethet the 
forward-flow current will result in an ap- 
preciable or high probability of sympa- 
thetic arc-back. 

Application of the rectifier data from 
Figure 4 to ignitrons under arc-back con- 
ditions explains the wide range of results 
obtained in service. The magnitude of 
forward-flow current varies widely in 
different installations and the results are 
further complicated by probability, as 
shown in Figure 4.. In some cases no 
anode will be subjected to sympathetic 
arc-back. In other cases, all anodes will 
be subjected to sympathetic arc-backs so 
that the anode-current records look like 
those,of polyphase short circuits. An 


anode subjected to a sympathetic arc- 


back for several cycles may recover its 
normal characteristics as a rectifier and 
may even subsequently develop a second 
sympathetic arc-back. Oscillograms of 
various conditions will be shown later in 
connection with the discussion of artificial 
arc-back tests in the laboratory and in the 
field. 

The presence of sympathetic are- pas 
has an important bearing on the arc- 
back phenomena in general. The pres- 
ence of sympathetic arc-backs tends to 
reduce the maximum current to be car- 
ried by the ignitron unit or the particular 
transformer winding associated with the 
initial arc-back. If the second are-back 
occurs on the other winding on the same 
core with the winding supplying the rec- 
tifier unit initially subjected to arc-back, 
the sum of the two anode currents ap- 
proaches approximately the original 
value. From an examination of Figure 2, 
it will become apparent that when both 
windings are short-circuited, the total 
short-circuit current will be about the 
same as for a short circuit on one wind- 
ing, with the current divided between the 


Laboratory Test, 
8,500-Kva Transformer; 
Primary, Double-Delta; 
Secondary, Quadruple- 

Wye With Interphase 
Transformers 


=e — 


Field Test, 
6,550-Kva Transformer; 
Primary, Double-Delta; 
Secondary, Quadruple- 

Wye With Interphase 

Transformers 


Laboratory Test, 
250-Kva Transformer; 
Primary, Delta; 
Secondary, Double- 
Wye With Interphase 
Transformers 


Reversed Short-Circuiting 


Short-Circuiting Short-Circuiting 


Arc-Back Simulation Ignitron Switch Switch Switch 
FAB—Maximum arc-back 

current (amperes)........ Sue NOR A aonono DDIO0O ... < cyhetetevousters G7 SOOT ac xmereatensdrrshetey seks 12,500 
*I Br—Back-feed current 

(amperes).. . .25,000. 2H;000 ;. vsvateters: costesnes 2 OOO e  rosterantaee eheereiere 2,500 
Eo/X—Symmetrical ‘short- 

circuit current (crest 
aha Ra et Peeteraicta Man reds P7500, Ue mle ae G2, 000%) .:aeee ce ome 38,0007 crate aces cee 8,000 

AB 
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*7 pr—This is the current fed out the neutral point of the star group subjected to arc-back; it includes 
current from the other star groups of the same or other transformers. 
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operations a process hat m: 
in sequence. Be 


Artificial ArceRace Tests in athe 


Laboratory eres 


The characteristics of the partice 
ignitron tube have an important eff 
on arc-back- phenomena, since these de 
termine the actual are drop and the tend- — 
ency to produce sympathetic arc-backs. 
All arc-back tests referred to in this paper — 
were made on the standard ignitron tube, 
which is used widely, particularly in the | f 
larger electrochemical installations. # 

An extensive series of artificial arc-back | t 
tests was made in the laboratory on } 
the setup illustrated in Figure 5. The — 
power supply for these arc-back tests i 
was obtained from the number 2 high- 
power laboratory. The high-power-labo- 
ratory generator was driven by an in- | 
duction motor at a frequency but slightly — 
below 60 cycles. The generator was — 
connected through suitable a-c breakers _ 
to the rectifier transformer which was lo- _ 
cated in the d-c laboratory. The supply — 
to the rectifier transformer was capable of _ 
delivering a short circuit of over 1,000,000 — 
kva. Because of the long-time-current _ 
limitations in this power supply, it was } 
possible to carry but little base load, and — 
only momentary loads of 4,000 d-c am- 7} 
peres. The supply circuit breakers were | 
controlled by a sequence-drum device — 
which permitted varying the duration of 
the arc-back from the normal tripping 
time of eight cycles to approximately a_ 
simultaneous opening of a-c and d-c 
breakers. al 

The main rectifier transformer used in _ 
this set of laboratory tests was rated at 
8,500 kva and provided with double 
delta-primary windings for 13,800 volts 
with quadruple-wye secondaries of 712 
volts from line-to-neutral terminals, and 
with interphase transformers. This main 
power transformer was designed to de- 
liver 780-volt d-c service when used with 
two sets of ignitron tubes, each set deliv- 
ering 5,000 amperes continuously. This 
transformer employs a core constructed 
of Hipersil, the new high-permeability 
core material. It has the same weight and 
physical dimensions, and substantially 
the same losses, as the older 6,550-kva 
transformer mentioned later in the dis- 
cussion of field tests. The core-and-coil 
assembly, after the completion of the labo- 
ratory arc-back test program, is shown 
in Figure 6. This transformer was de- 
signed to withstand the stresses attend- — 
ing arc-back currents of 100,000 amperes, | 
thus the laboratory tests furnished an ex- — 
perimental verification of the design. | 

Two rectifier frames, each with six ig- — 


ELECTRICAL ENGINEERING 


<— SHUNTS —> REVERSED 


) IGNITRON 


) +BUS 


g Figure 5. Schematic diagram for artificial arc- 
| back tests on a large rectifier installation — 
= Z 

_'Arc-back on phase Y2 with simulation by re- 
_ versed ignitron in parallel with normally 
connected unit. In many tests the reversed 
 ignitron was replaced by a short-circuiting 
_,switch. Locations of shunts and current trans- 
‘formers for oscillograph measurements are 


, shown 


_ nitron tubes, were provided for the tests. 
_ In addition, a single tube was provided to 
_ initiate an artificial arc-back in some tests. 
“Special auxiliary transformers were used 
for the ‘supply of the excitation circuits. 
_ Reactor-firing circuits were provided for 
_ the two six-tube frames. A phase-shift- 
ing transformer was used for the control 
of the tube which was used to simulate 
an arc-back. Two high-speed d-c break- 
ers, which trip in approximately one- 
_ half cycle on heavy reverse current, 
were provided. The laboratory motor 
generator sets, including four 1,500-kw 
750-volt d-c generators, were connected 
through high-speed breakers to the d-c 
busses of the X and Y sections of the 
transformer. A short-circuiting breaker, 
equipped with electronic control, was also 
used in many tests for simulating an arc- 
back. Anode breakers were used in the 
leads of the X section of the transformer 
during some tests. 
Figure 7 shows an interesting record ob- 
tained during the laboratory tests with 
_ the setup just described. This test gave 
the highest arc-back current obtained 
with a reverse-connected ignitron and 
the amount was 81,500 amperes. It will 
be noted that during this particular test 
the application of an artificial arc-back on 
anode circuit Y;* caused every ignifron on 
the other phases to arc-back until the cir- 
cuit was opened by the a-c supply break- 
ers. The X-section anode-current rec- 
ords (not shown) included a single loop of 
current, the current flow being limited by 
the operation of the high-speed cathode 
breaker. It will be noted that the current 
flow corresponds to a three-phase short 
circuit on the secondaries of the trans- 


* Note that in Figures 7, 8, and 9 the anodes are 
designated as 5-Y instead of Ys; and so on, as used 
elsewhere in text. 
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to the Y section represented a maximum 


of 36,500 amperes and had a maximum > 


rate of rise of 5,270,000 amperes per sec- 
fond.) 5 


With the same setup but with the re- 


~ verse-connected ignitron replaced by a 


short-circuiting switch and with the arc- 
back being initiated at the end of the nor- 
mal-conducting period, a maximum arc- 
back current of 95,000 amperes was re- 
corded. 

The oscillogram of Figure 8 is of par- 
ticular interest. This test was made with 
the two sets of ignitron tubes connected 
to the X group, leaving the Y group of 
the transformer disconnected. 
‘case an artificial arc-back with simulation 
by a short-circuiting switch was placed on 
anode X; and was initiated close to the 
end of normal-conduction period. In 
this test the ignitrons of the star group 
consisting of anodes Xo, X4, and X¢ were 
not subjected to sympathetic arc-backs. 
However, the ignitrons for anodes X, and 


X3 arced back for four cycles. On the! 


fifth cycle all anodes recovered leaving 
only the single arc-back on anode X;, the 
one subjected to artificial arc-back. It is 
of interest that the maximum arc-back 
current for anode X; has a first-cycle crest 
magnitude of 76,700 amperes and about 
equal magnitude on the fifth cycle. On 
the following cycle the ignitrons for 
anodes X, and X3 were’subject to sympa- 
thetic arc-backs and did not recover 
again until the primary circuit was inter- 
rupted. The primary current on phase C 
of the X section, the delta winding as- 
sociated on the same core with the sec- 
ondary winding for anode X¢, shows an al- 
most fully displaced a-c wave which was 
quickly reduced in magnitude because of 
sympathetic arc-backs. However, on the 
cycle corresponding to the recovery from 
arc-back conditions of all anode circuits, 
the primary-current crest reaches a crest 
about equal to the initial crest. 

With the test setup corresponding with 
that of Figure 8 but with anode breakers 
connected in the leads to X section, oscil- 
lograms of Figure 9 were obtained. In 
this case also, arc-back simulation was by 
a short-circuiting switch and the arc- 
back was initiated at the end of the nor- 
mal-conducting period. The artificial 
arc-back was impressed on the circuit of 
anode X;. Current flow is shown for 
anodes X,, X3, and X,. In this case 
anode X, arced back at the end of its 
normal-conducting period and this neces- 
sitated the opening of the anode breaker 
for phase X; as well as for phase X5, the 
phase subjected to artificial arc-back. 
On other tests with anode breakers the 
number of sympathetic are-backs varied, 
involving in some cases a maximum of 
five phases. The first-cycle maximum 
anode current for any of the tests with 
anode breakers was 66,000 amperes, a 
value that is appreciably below the maxi- 
mum crest obtained without the anode 
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Figure 6. Core and coil assembly of 8,500-kva 
transformer as it appeared after detanking at 
the end of the laboratory tests 


breakers. The difference may be ex- 
plained in part by the fact that high-speed 


cathode breakers were used as well as - 


anode breakers, and that both of these 
breakers were capable of introducing im- 
portant are drop within a half cycle from 
the inception of the artificial arc-back. 
Consequently, the actual arc-back cur- 
rent crest was appreciably reduced when 
high-speed cathode breakers were used 
with anode breakers. It has been esti- 
mated for this case that if semihigh- 
speed cathode breakers were used, the 
first-cycle crest would have amounted to 
about 70,000 amperes. 

In another series of tests, six ignitron 
tubes were supplied from a bank of 250- 
kva transformers arranged in the usual 
double-wye secondary with interphase 
connection to produce 250 volts direct 
current. The rectifiers were adjusted to 
carry an initial load of 900 amperes and 
were fed into a d-c system consisting of a 
large motor generator set. The artificial 
arc-backs were applied by means of a 
short-circuiting switch; the arc-backs 
were isolated by the operation of a high- 
speed cathode breaker and by operation of 
the a-c supply breaker. 

Oscillograph measurements during the 
artificial arc-back tests included the six 
anode currents obtained from shunts and 
the three primary-delta currents obtained 
from especially designed current trans- 
formers. A typical oscillogram of artifi- 
cial are-back is shown in Figure 10. In 
this test the artificial arc-back was placed 
on anode 5 and was initiated substan- 
tially at the end of the normal conducting 
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: initial current was slightly reduced by 


_ disconnection of the back feed, and this 


slightly reduced value was maintained 
- substantially constant on successive peaks 

_ throughout the arc-back condition which 
Bi Boiscted for about 11 cycles. Examination 
: \ of the other anode currents shows that 
_ they were also substantially constant 
throughout the arc-back conditions. The 
primary currents, however, show a con- 
siderable reduction in the d-c component. 
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reached a value of 12,200 amperes. This. 
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components corresponding to 1,38 
peres at the beginning of the second cycl 
and to 1,430 amperes at the end of the ~ 
arc-back condition. Analysis for phase 
C shows that the resultant magnetization | 
(in ampere turns) is composed of 


cee 


1. *An a-c component reaching a substan- ; 
toy may, vary Pe fic 


meaty constant value in a few cycles. ie 


Figure 7 (left). Os- 

cillogram of  arti- 

ficial are-back tests 
in the laboratory 


Simulation by re- 


versed ignitron on ) 

anode Y5, similar to the tee Marea Coat tees 

Figure 5. Sympa-- particular rectifier station used conta 
thetic arc-backs oc- 12 ignitron-type rectifier sections supp 

cur on all anodes of _ from six transformers with quadruple 
the Y group. Cath- wye-connected secondaries. These six 
ode-breaker clear- transformers are arranged to provide a 36- ~ 
7 ing phase rectifier station which is” accom- j 


Figure 8 (lower left). 

Oscillogram of arti- 

ficial arc-back tests 
in the laboratory 


Simulation by short- 
circuiting switch. 
Test setup similar to 
Figure 5, except Y- 
section ignitrons 
placed in parallel 
with the X-section 
units. | Sympathetic 
arc-backs occur in 
all ignitrons of the 
X group, and all re- 
cover on the fifth 
cycle and then re- 
occur. Cathode- 
breaker clearing 


Figure 9 (right). 

Oscillogram of arti- 

ficial arc-back tests 
in the laboratory 


Simulation by short- 
circuiting | switch. 
Setup identical with 
that of Figure 8, 
except anode- 
breaker clearing 
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Figure 10. Oscillogram of artificial arc-back 
tests in the laboratory 


‘Simulation by — short-circuiting switch. 

Cathode-breaker clearing. Typical oscillo- 

gram of artificial arc-back tests without 

sympathetic arc-backs. (Certain lines re- 
touched) 


plished by using three delta-primary 
transformers and three wye-primary 


transformers and using four phase-shift- 


ing transformers. The tests were made 
on the transformer with delta primary 
that is connected to the source without 
phase-shifting transformer. 

The artificial arc-back tests were made 
on rectifier section 3B, which is supplied 
by rectifier transformer number 3 rated 
at 6,550 kva with an equivalent imped- 
ance diagram similar to that shown in 
Figure 2. The schematic diagram of the 
main-circuit connections for the tests is 
essentially the same as that in Figure 5. 
An electronically controlled, short-cir- 
cuiting switch was connected so as to 
short-circuit one ignitron tube. The cur- 
rents flowing in the cathode and in the 
anode circuits of the 3B section were 
measured by a magnetic oscillograph 
with elements operated from shunts. 
During the artificial arc-back tests, the 
rectifier station was supplied from the 
Dow company’s own power house, which 
was delivering 104,000 kw and 111,000 
kva; a tie with the Houston Lighting 
Company was also in service. At the 
time of the tests, all rectifier sections in 
the station were carrying a load of 5,250 
amperes per section at 648 volts direct 
current. The ignitor controls for each of 
the 12 rectifiers were carefully adjusted so 
that the sections carried 5,250 amperes 
each. All units were operating with 
some ignitor delay. All artificial arc- 
back tests were made from the same ini- 
tial power-circuit conditions. However, 
the individual tests differ because the 
closing breaker applied the artificial arc- 
back at different points of the cycle. 
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Five artificial arc-back tests were 
made wit this setup. Two oscillograms 
obtained during these tests are shown in 
Figures 11 and 12 which are representa- 
tive of records with and without sympa- 
thetic arc-backs, respectively. The oscil- 
lograms show that each artificial arc- 
back was cleared by proper breaker opera- 
tion. The d-c feedback was cleared by 
operation of the high-speed cathode 
breaker in a half cycle. The a-c circuit 
was cleared by the transformer primary- 
side breaker in nine to ten cycles from 
the inception of the artificial arc-back to 
the end of arcing between breaker con- 
tactss= = 

The characteristics of the d-c back 
feed, as given by these oscillograms, show 
a maximum rate of rise of current of 
8,600,000 amperes per second, as defined 
by a tangent line from the beginning of 
reverse current to a high value of current 
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before limitation by cathode-breaker 
operation. The maximum d-c back-feed 
current was 41,100 amperes, which was 
reached at a rate of 6,300,000 amperes 
per second. 

Examination of the anode currents 
showed that artificial arc-backs of tests 1 
and 4 produced sympathetic arc-backs 
but that those of tests 2, 3, and 5 did not. 
These conditions are shown in somewhat 
greater detail in Table I. On test 1, the 
ignitron of anode X3 arced back in the 
first cycle but recovered and did not are 
back again during the tests. Also on test 
1 the ignitron of anode X, arced back at 
the end of the fifth cycle and did not re- 
cover until the end of the ninth cycle. 
On test 4, anode X,4 arced back at the end 
of the fourth cycle and did not recover 
again during the test. The crest values of 
anode currents in both forward and re- 
verse directions for the different tests are 
also shown in Table I. 

The oscillograms gave additional evi- 
dence that the highest initial arc-back 
current occurs when the arc-back is ini- 
tiated at the end of the normal-conducting 
period, such as was obtained on tests 1 
and 3. When an artificial arc-back occurs 
at this point and sympathetic arc-backs 
are not produced, the high initial crest of 
anode current on the first cycle is main- 
tained at approximately constant value 
on succeeding cycles throughout the are- 
back condition, that is, until cleared by 


Figure 11. Oscillogram of artificial arc-back 
tests at Dow Magnesium Corporation, Velasco, 
Tex. 


Simulation by short-circuiting switch. Arrti- 

ficial arc-back on phase 5. No sympathetic 

arc-backs encountered. Table ll, test 3. See 
Figure 5 


¥ j ; 
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he & a-c breaker. If the ae wal See bade i 
occurs after the end of normal conduction 


and if a sympathetic arc-back does not 
occur, the anode current is initially con- 
siderably smaller but rises to approxi- 
mately the same ultimate value as is 
- obtained when the arc-back occurs at the 
end of normal conduction. If a sympa- 


_ thetic arc-back occurs, the anode that is 


subject to the initial arc-back subse- 
quently has currents considerably below 
the initial arc-back value. Sympathetic 
arc-backs frequently increase the currents 
flowing in the anodes not subjected to 


- are-back. 


- Magnitude of Arc-Back Currents 


A summary of the arc-back test data 
has been listed in Table II. This list is 
of particular interest in giving the ratios 
of the observed maximum arc-back cur- 
rent to the crest of the symmetrical three- 
phase short circuit on the particular star 
group subjected to arc-back. Of interest 
also is the ratio of the difference between 
the arc-back current and the back-feed 
current expressed as a ratio to the crest of 
‘the symmetrical three-phase short-circuit 
current on the particular star group sub- 
jected to arc-back. It will be observed 
that the arc-back current experienced in 
the field is appreciably lower than that in 
the laboratory. This is the result of the 
operating conditions which included an 
appreciable amount of voltage reduction 
by phase control. 


Voltage Surges in Rectifier Circuits 


One speculative problem of rectifier 
operation is the production of voltage 
surges. Theories for explaining rectifier 
surges’ are based on the inability of the 
rectifier to provide the ionization neces- 
sary for current flow under two condi- 
tions, namely, 


1. Heavy current as under short circuit or 
arce-back. 


2. Light current when the current ‘‘snaps 
out” on approaching zero value. 


The tendency of rectifier circuits to pro- 
duce surges is known to vary with the 
type and design of the rectifier itself. 
Experience has shown that the stand- 
ard ignitron tubes have favorable char- 
acteristics from the standpoint of over- 
voltage. However, the arc-back test 
just described provided opportunity for 
gathering additional data on overvoltage. 
Accordingly, provision was made for 
surge voltage-measuring equipment in- 
cluding klydonographs and cathode-ray 
oscillographs. Five multielement kly- 
donographs were connected to measure 
voltages between following terminals: 


Xs, and C; to Ce 
Xo, X4, Xe, aud NV to C, 
ANG EherolCreton( On 
Vs, Ye, and N to C3 
Hz, H; to grouad 


(See Figure 5) 
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Klydonographs e 
low-voltage side of the 
former during eight short i 


ar 
tificial arc-backs, 14 are-backs @) reat ‘ 
operation, and in addition a somewhat 


greater number of energizing operations. 


The klydonograph on the high-voltage 


side was connected for about 120 tests. 
Cathode -ray-oscillograph measurements 
were made for 21 tests between the high- 
voltage terminal and ground and for 47 


tests on the low-voltage side either in 


parallel with klydonograph terminals or 
between anode terminals and ground. 


_ Transient voltages below twice normal 
are of no importance and have been neg- 


lected in this investigation. On the high- 
voltage side one artificial arc-back test 
and the subsequent switching operation 
gave transient voltages of 4.8, 2.7, and 1.7 
times normal on the three phases: two 

other tests gave voltages of 2.7 times 
normal on one phase and another test 
gave a voltage of 2.5 times nori.. * on one 
phase. None of the cathode-ray oscillo- 
grams gave transient voltages on the 
high-voltage side to ground greater than 
2.0 times normal.. The cathode-ray os- 
cillograph was connected for only a part 
of the total number of tests and by chance 
was not connected during the tests that 
gave the highest voltage. During one set 
of switching operations separate from an 
arc-back test, a transient voltage of 2.55 


. times normal was obtained on one phase. 


On the low-voltage side the klydono- 
grams showed voltages of 3.1 times nor- 
mal between terminals X, and C, and 
between X, and C, on one test, and a volt- 
age of 3.1 times normal between terminals 
X, and C; on another test. Cathode-ray 
oscillograms showed a voltage of 2.2 
times normal between terminals X, and 
ground on one test, and a voltage of 2.1 
times normal between terminals X; and 


AN. 4PM Foro; 


AN. AMPS. X2, 44,100 Afie 


AN. AMPS. Kt 50,000 Afi, 


ia 
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abewt two me 


fore, should have recorded high su 
had they been encountered. The cath- 


cords in the vicinity of twice normal but 


may > fail AY ee at 
ages as ety as abate ae. 


ode-ray oscillograms showed many rec- 


no records inconsistent with the Klydono- 7 
grams. 

One of the possible metro of produc 
ing voltage surges in a transformer ob- 
tains when circuit breakers on the a-c and 
d-c sides are switched simultaneously. _ 
Fifteen artificial arc-back tests were 
made with the a-c breaker pretripped by ; 


a sequence drum so as to approximate si- | 
multaneous operation of a-c and d-c 
breakers. In none of these tests was any | 
appreciable overvoltage recorded on 
either klydonograms or cathode-ray os- 
cillograms. Possibly one reason for the : 
absence of overvoltages arises from the 5} 
fact that an artificial arc-back provides a — 
path for the discharge of reactive energy _ 
in the rectifier transformer, and sympa- 
thetic arc-backs provide additional paths. 
Current flows in these paths after d-c and — 
a-c breakers are opened as shown by sev- | 
eral of the oscillograms, such as Figures 8 
or 10. In view of the absence of overvolt- 


Figure 12. Oscillogram of artificial arc-back — 
tests at Dow Magnesium Corporation, Velasco, © 
Tex. ; 


Simulation by short-circuiting switch. A\rti- 
ficial arc-back on phase X;. Sympathetic arc- 


backs encountered on phases X3 and X,. 
See Figure 5 


Table Il, test 1. 
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determine whether abnormal 
ting conditions would cause the 
dard ignitron tank to show a tend- 
for the production of surges. Six 
ircuit tests were made with a nor- 
1a 3,000- kw 600-volt rectifier starting 
vith ooling water at the normal tempera- 
ture of 52 degrees centigrade. Three of 
these. tests started from a load of 1 ,000 
im peres- and three from no load. Of 
” these, four were cleared on the d-c side 
a semihigh-speed breaker and two by 
high-speed breaker. No arc-backs were 
countered during these tests. Eleven 
short-circuit tests then were made with 
the rectifier cooling water starting ‘at the 
unusually low temperature of 19 degrees 
A centigrade. Of these tests, four started 
from an initial load of 1 ,000 amperes and 
~ the remainder from no load. Because of 
al the unusually low cooling-water tempera- 
ind _ ture the short circuits in many cases were 
_ accompanied by arc-backs, particularly 
3 when starting from no load. On none of 


klydonographs connected to the low-volt- 
_ age side of the rectifier transformer in the 
_ manner previously described. 
_ Surge-voltage measurements were also 
made in the field and klydonographs were 
> Boctalled in two electrochemical plants to 
‘measure the transient voltages on the low- 
voltage side of one rectifier transformer 
in a manner similar to that previously 
described in connection with the labora- 
tory tests. In a plant equipped with 
anode-breaker switching, operated by the 
_ Aluminum Company of America at Alcoa, 
_Tenn., no surges were recorded by the 
-klydonographs during a month’s opera- 
ation in which two arc-backs, one miscel- 
-laneous automatic operation, and nine 
energizing and de-energizing operations 
took place. In a plant equipped with 
-cathode-breaker clearing operated by the 
Dow Chemical Company at Velasco, 
Tex., no surges were recorded by klydono- 
graphs during a period in which 15 
-are-backs and a corresponding number of 
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ora’ ory tests was 


_ these tests were any surges recorded by - grams. 


vestigation or voltage erces on 


é. fectifier" circuits has included voltage 
_ measurements during a large number of 
_ arc-backs accompanied by energizing and 


_ de-energizing operations. Innone of these 


_ tests were voltages greater than 3.3 times 


normal obtained on the low-voltage side. 
The highest transient voltages measured 


were 3.3 times normal measured with a 


cathode-ray oscillograph; the three next 
highest voltages of 3.1 times normal were 
measured with klydonographs. Only five 
tests gave transient voltages in excess of 
three times normal and none of the re- 
maining measurements exceeded either 
2.2 times normal or exceeded three kilo- 
volts (the minimum definitely measurable 
voltage of the klydonograph). Out of 
over 100 artificial arc-back tests, tran- 
sient voltages measured on the high-volt- 
age side of the rectifier transformer 
showed only one case with a voltage as 
high as 4.8 times normal and only 
five cases greater than 2.5 times normal. 
The switching surges on the high-volt- 
age side of the transformer are believed 


_to have resulted from the disconnection of 


the circuit following the arc-back. This 
is shown from the character of the oscillo- 
Additional evidence along this 
line is also given by one switching opera- 
tion separate from an arc-back test 
which caused a surge of 2.55 times nor- 
mal. While a switching surge of 4.8 
times normal is relatively high, it is 
within the usual limits of four to six times 
normal to be expected occasionally on 
switching surges.*.? All these transient 
voltages are well below the basic insula- 
tion levels of normal transformer design. 

With phenomena that are believed to 
occur but seldom or never, it is, of course, 
difficult to reach conclusions from tests 
which give negative results. Neverthe- 
less, results of this investigation of recti- 
fier surges are reassuring. 


Conclusions 


This paper has presented the results of 
an extensive series of artificial arc-back 
tests that have provided additions of value 
to the published information on the magni- 
tude and character of arc-back currents. 
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the Eee Gesieceat 
ing arc-back currents. 


extensive measurements of. transient vol 


ages experienced on rectifier circuits with- me 
out giving evidence of surge voltages” es 
_other than those normally associated with — 
the switching operations incident to the — 
dis¢onnection of the a-c supply to the 
transformer associated with a rectifier 


under arc-back conditions. The results 


of this investigation for voltage surges _ 
while negative i in character are, neverthe- 
less, reassuring from the standpoint of - 


practical operating experience. 
The nature and cause of sympathetic 


arc-backs have been analyzed and shown | 


to be dependent upon the previous mag- 
nitudes of forward-flow current. 
are presented on this current limit for a 
standard ignitron tube. 
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~ BN its present known form! the power- 


_ is by far the most frequent type of opera- — 


circle diagram of a transmission sys- 
tem.applies to operating conditions where 
constant voltages are maintained at both 
the sender and the receiver. While this 


tion, instances are numerous where the 

designer or analyst is confronted with 

~ conditions requiring only one of these two 

_ voltages to be constant. This is true 
particularly when the concept of a trans- 
mission system is taken in a broader sense 
as applied to a generator, motor, trans- 
mission line, or generally speaking, to any 
part of a composite transmission system. 
To mention but one example, the induc- 
tion motor may be considered a trans- 
mission system which supplies power in 
varying amounts to an equivalent electric 
load of unity power factor, and its circle 
diagram accordingly is of a different 
character. From a viewpoint which 
looks at all equipment having input and 
output terminals as general transmission 
systems, it seemed desirable to formulate 
on a broader basis the relations between 
sender and receiver power as exemplified 
by the constant-voltage circles of the con- 
ventional sender and receiver charts. 
Moreover, a more general relation will 
permit the translation from one chart to 
the other, not only of actual power loci of 
operation, but also of efficiency contours, 
contours of loss, power factor, receiver 
wattage and amperage, and other con- 
cepts of interest. As it happens, all these 
cases fall into the wider class where 


(a). The voltage is maintained constant at 
one terminal point of the system. 


(b). The operating locus or contour is a 
circle for this terminal point. 


For the sake of brevity, the sender end 
through most of the following will be con- 
sidered as the terminal point with con- 
stant voltage, a restriction which is 
merely one of nomenclature and sign con- 
vention. 

While the extension of the theory to 
this wider class of loci was being studied a 
simple geometrical relationship was estab- 
lished between coexisting diagrams in the 
two charts. Its existence is obscured in 
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the conventional presentation of power 


circles, because it is customary to plot 
sender and receiver charts either sepa- 
rately, orelse in one and the same reference 
frame. For the formulation of the new 
relation, on the other hand, it is obligatory 
that the charts be plotted in two different 
co-ordinate systems which are tilted and 
displaced against one another to an extent 
computable from the circuit properties of 
the system. We shall use the term 
““‘power-chart transformation” for the 
geometrical procedure which carries 
points of the sender chart collectively into 
their coexisting points in the properly 
placed receiver chart. The transforma- 
tion is such as to transform circles into 
ellipses. Fortunately, these elliptical re- 
ceiver loci degenerate in all cases of prac- 
tical interest into a circle, a parabola, or a 
terminated straight line, all of which can 
be constructed easily because of the 
adopted choice of receiver chart axes. 
No equally simple and direct procedure 
exists when the two charts are plotted in 
the conventional manner. 

By resorting to a third dimension one 
can interpret thé power-chart trans- 
formation as a projective relation, similar 
in character to the so-called stereographic 
projection which in a different way al- 
ready has proved useful in other branches 
of circuit theory.’7 This makes the rela- 
tionship between the charts exceedingly 
simple to visualize and at times points an 
easier way for graphical procedure in the 
chart plane. 

The proposed choice of receiver axes 
proves its advantage most strikingly when 
it enables us to trace an operating locus or 
contour on one, say the receiver chart, 
with the help of points from the other 
chart. This may be illustrated by the so- 
called envelope which is the boundary on 
the receiver chart of the accessible load 
range.® As explained in the section on 
limiting, parabola, the parabola has the 
open-circuit poimt as its focus and its 
directrix is the line which bisects the dis- 
tance between open- and short-circuit 
points. This statement involves two 
points of the sender chart and a curve on 
the receiver chart, and its meaning is 
clearly contingent upon the particular 
choice of reference frames. 

It is gratifying that the graphical pro- 
cedure thus resolves itself into two dis- 
tinct steps, one exclusively concerned 
with the circuit properties of the system, 
the other exclusively with specified oper- 
ating conditions or contours. The cir- 
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part > whe 

or the receiver locus is 1 

cally from the other. In fact 
step follows a standard patte: 


whether one deals with the simplest con- 
ceivable case of an impedance line in 
series with the load, or with the most. 
elaborate four-terminal network. 

Before discussing the general procedt 
as applied to an arbitrary sender circle, — 
contours of practical interest likely to | 
occur in actual problems are discussec 
beginning with the familiar power-circle 
diagram and its modification. All nu- — 
merical illustrations are derived from a — 
balanced three-phase transmission sys- — 
tem, one phase of which is represented in 3 
Figure 1 by its equivalent z-circuit. In| 
assuming numerical values, the real part — 
of Y, has been exaggerated in order to — 


emphasize the asymmetry of the network. © | 
It is not actually a necessary part of the | 


i 


j 


procedure to reduce a given system to its | 
a-circuit because the characteristic chart — 
points can be computed directly, or found | 
by measurement. : i 

Points S and O, recurring in Figures 3 _ 
to 9, are the end points of the two vectors | 
of complex sender power (P+jQ) when © 
rated voltage E,=240 kv line-to-line is _ 
applied to the sender terminals, and the — 
receiver end is short-circuited or, respec- . 
tively, open; thus 7 


2402 2402 
(pase a A en eee 
(P+I0) = 768 — 576) ' 23.6+160) 
= (100—316.37) mva 
240? 240? 


P+j i ee 2 ee 
(P+3Q)0= 768 576;  93.6—1,440j 
= (54.5-+76.07) mva 


Reversing the direction of transmission 
one obtains the receiver-end short-circuit 
power 


2402. 2402 
pans he Ee ee oe ee 
(P+I0)a= 7 600} + 23.6-+160) 

= (52.0—316.37) mva 


Point N (Figure 4) is obtained by plotting 
in the sender chart the difference (P+ 
7Q)n —(P+jQ)s2 and, for symmetric sys- 


SENDER VOLTAGE 
240 KV. 


LINE JO LINE 


Z= 23.6+160J 


+ =768- 576J 


O 
Figure 1. 


Equivalent circuit representing one 
phase of balanced transmission system 
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.... 2. Radical and polar axes of a circle 
4q ; and a point O 


aR coincides of course with the origin 


of the sender chart. 

With the help of these points the re- 
ceiver chart is laid out with its origin at O, 
and the orientation of its axes is obtained 

by rotating the sender axes through that 

angle 25, and in that sense, by which the 
vector SN would be tilted into the direc- 
tion SO (Figure 4). The axes so obtained 
are subdivided in divisions equal to the 
units of the sender scale. 
_ With the two frames thus laid out, it is 
quite generally true that all lines connect- 
ing a pair of coexisting points on the two 
charts are parallel to line SO; a rule 
which greatly simplifies the identification 
of such pairs. 
The only geometrical concept likely to 
‘strike the reader as unfamiliar is the so- 
called radical axis® of a circle and a point 
O. The radical axis is the straight line r 
(Figure 2) which passes halfway between 
the point O and the polar axis of O and 
the circle. Figure 2 indicates how r may 
be determined graphically. Frequent 
reference will be made to the straight line 
which perpendicularly bisects the distance 
SO, and for which we shall use the letter b. 
It sometimes is preferable to represent 
the system by its three characteristic 
points O, S, and M instead of O, S, and N. 
To find M (Figure 4): one draws a line 
through .S, bisecting the angle between 
vectors SN and SO, thus obtaining the 
direction of vector SM. Its length is the 
geometrical mean of SN and SO. Or 
algebraically 


SM=/SOSN 
= V/ (45.5— 392.37) (52—316.3/) (2) 
= 356.3¢—782° 2” 


The Conventional Diagram and Its 
Modification 


For purposes of comparison, Figure 3 
shows the sender and receiver circle con- 
structed in the customary manner' for the 
system of Figure 1, operated at constant 
sender voltage #,=240 kv line-to-line, 
and constant receiver voltage E,=200 kv. 
In the conventional procedure, provision 
is made for identifying pairs of coexisting 
points by locating the pair for which ©, is 
zero, that is, where sender and receiver 
voltage are in phase. Other pairs then 
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ia ia 


eee Can be ‘identified ie nap hie. off equal 

_ angles @, on the two circles.? 

If we now move the receiver circle, to- 
gether with its reference frame, to their 


_two circles; 


<4 > =< t 7) | 7 re d a 7 
pd a ok 


new positions as previously described, we 
have the following changes (Figure 4). 
Centers S and s fall ona straight line with 


point O; the radical axis r of the sender 


circle and O is an axis of symmetry for the 


straight lines parallel to SO, so that the 


quantity ©,; and the constriction of a 


reference pair is no longer needed. When 
needed, the reference pair with 0,=O can 
be found easily since the sender point is 
the intersection of the sendercircle and 
line SM. More specifically, the vector 
SM may serve as a reference vector repre- 
senting #;. For an arbitrary load condi- 
tion, represented by point P in the sender 
chart, the vector E, is then represented 
by vector SP both in magnitude and 
phase.* Consequently, for a receiver 
voltage E,=200 kv, both the sender oe 
receiver circle have a radius 


=, 200 _ 356.3 Sorgen ee 
= Vv: 
240 1. 1.20 


The center of the sender circle is S, while 
that of the receiver circle may be found 
graphically by drawing the radical axis r 
of the sender circle and O, which one 
knows to be an axis of symmetry for 
pomts Sands. Comparing Figures 3 and 
4, it will be noted that vector SM is 
identical with E,?/Z of Figure 3. 


The Limiting Parabola 


In the manner of the preceding section, 
a number of receiver circles of different 
radii may be found, each representing a 
different value of E,. The envelope of 
these circles, which is of occasional inter- 
est in connection with system stability, 
is a parabola. When plotted in the prop- 
erly placed receiver frame (Figure 5), 
the parabola has the point O as its focus, 
and the line b as its directrix, and thus 
may be traced easily as the locus of all 
points having equal distances from point 
O and line b. Line b marks the coexisting 
locus on the sender chart, and transmis- 
sion systems operate exclusively above 
this line. Also shown on Figure 5 is the 
receiver circle of Figure 4, tangent to the 
parabola at two points. 


Contours of Load Power Factor 


Unlike the preceding cases, this requires 
the determination of the sender locus 
from the given receiver locus, which is a 
straight line g through the receiver origin. 
Consequently, ** the sender locus is a circle 
through O and S and tangent to g (Figure 
6). It is more accurate to describe the 
receiver locus g, not as a straight line, but 


* See Appendix I. The proof of the statement is 
contained in equation 8. 


** See Appendix II, case 3. 
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Figure 3. Conventional circle diagram ioe 
system of Figure 1, when receiver voltage is 
maintained at 200 kv line to line 


as an ellipse collapsed into a straight-line 
section, the terminating points being 
points of the parabola of Figure 5 or, 
alternatively, the extreme points on g to 
be reached by projecting points of the 
circle in the direction SO. From Figure 6 
it will be seen that any two points on the 
sender chart which are situated sym- 
metrically relative to line b give rise to 
the same receiver power, and so the two 
halves of the sender plane each equally 
are transformed by the power-chart 
transformation into the receiver-chart 
region which lies inside the parabola. 

In Figure 6 is shown the sender locus 
for a load power factor 0.90 lagging. Its 
center C is the intersection of b and a 


Figure 4. Modified form of circles for con- 
stant sender and receiver voltage 
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male to g. To fad Pp 
when delivering 100,000 kva at 0.9. power 3 
‘factor, a distance OP,=100, 000 kva is 
_ taken along g, and a line PP, is drawn par- 


allel to OS, giving the intersection P. The 


~ second intersection with the sender circle 


has no practical significance. 


4 _ Contours of Receiver Wathage 


Generally, for any straight line sin the 
_ receiver chart, the sender locus is a piace 
such that: 


als. ts center lies on line b. 


2. Its radical axis with respect to Ois the 
Pei receiver locus.* 


In ie receiver chart, the contour line for 
a specified watt output is a straight line 
parallel to the reactive axis of the re- 
ceiver chart, the one for 100 megawatts 
being shown in Figure 7. Accordingly, 


- all sender contours are concentric circles, 


~ 


their center C being the intersection of 
line b and the real axis of the receiver 
chart (not shown in Figure 7). To find 
the radius, draw a semicircle over OC, and 
a line p parallel to the receiver locus r at 
twice the distance (200 megawatts) from 
O. Line p is the polar axis of O and the 
desired circle; its intersection with the 


semicircleis A. The radius of the wanted 


- sender circle is CA. Shown in Figure 7 
is the pair of points which was used 
previously in different connection in 
Figure 4. The receiver locus is again an 
ellipse collapsed into a terminated straight 
line and extending across the inner region 
of the limiting parabola. 


Contours of Receiver Amperage 


In the sender chart the contours of con- 
stant receiver current J, are concentric 
circles with center at O, their radius being 
given by** 

SO 
R=EL,\/3 —- =FI,./3 (3) 
SM 
For instance, a receiver current of 200 


amperes per line gives the radius (Figure 
8) 


6.3 
R=240-200-+/3- 10-1 92.5 
6 megavolt-amperes 


When the sender circle is concentric with 
O, the receiver locus is a circle of equal 
radius, the center C of which may be 
located along line OS by the condition 
that the angle (SDC) is 90 degrees. It 
will be noted that these receiver circles 
are exactly the same as the ones previ- 
ously found for the contours of constant 
receiver voltage. This is only as it must 
be, since it is not difficult to show that 
the sender locus for constant receiver 


* See Appendix II, case 2. 


** See Appendix I. The proof of the statement is 
contained in equations 8. 
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placed at termina ‘ 2 
enor circuited, 


receiver Re ees are th , 
circles i in ‘hothe charts. 


Two Charts ‘ 


These illustrations will suffice to — ale 
an idea of the possible use of the pro- 


cedure for graphical analysis. It will not 
be necessary to produce individual proofs 


‘of the rules stated,in foregoing sections, 


since they are all special cases, or corol- 


laries, of the general theorem which gives 


the receiver locus (an ellipse in general) 
for a sender circle of arbitrary position 
and radius (Figure 9). 


In order to determine the receiver 


ellipse, the radical axis r of the sender 
circle and point O is drawn, and point c 
is placed symmetrically to C with respect 
to line r. Next the center C’ of the 
ellipse is found by means of the require- 
ment that the two point triples (O, S, C) 
and (C, G, C’) form similar triangles. 
Inspection shows that points O, S, and C 
are respectively homologous to points C, 
C, -and> C’; 
opposite sense (that is, O, S, C clockwise; 
C, C, and C’ counterclockwise in Figure 
9). Other points P,; on the ellipse can be 


found by a variety of methods, for in- 


stance, by choosing an arbitrary point G 
on r and using the similarity of triangles 
(G, C, C’) and (H, P, P,); homologous 
lines being parallel to each other. How- 
ever, the usefulness of Figure 9 lies princi- 
pally in its general validity which permits 
the derivation of the specific rules given 
in the preceding sections. This will be 
shown in the appendix. : 

The general character of the power-chart 
transformation as applied to a sender 


-—— 


xl 


See 
are 


Figure 5. Limiting parabola 
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and follow each other in ~ 


_ship is preferable, because it represents at 


Figure 6. ede contour of constant. i d 
Pome: factor 0. 9, lagging 


circle may be qiuaieds by a | 
that Figure 9 shows in perspective iro 
boards in space, meeting at an angle along | 
line 7. A circular hole in the low 
board, representing the sender a 
when illuminated by a distant source 
the direction SO will throw an elliptical 
shadow of the kind shown in the figure. j 
Another way of visualizing the relation-_ 


once the entire charts instead of just one 
circle ata time. In Figure 10 is shown the 
chart plane with its two reference sys-_ 
tems in perspective. A sphere of arbi- 
trary radius is placed in contact with the 
sender chart, point O being the point of | 
tangency and the south pole of the sphere. 
Points of the sender chart then can be 
projected on the sphere in the direction 
toward the north pole A, thus represent-_ 
ing the sender chart on the sphere by what 
is known as stereographic projection. In 
particular, the image of the short-circuit 
point is thus obtained on the sphere, and 
through it and through point O a straight. 
line is drawn up to point B, that is, to its. 
intersection with another horizontal plane 
tangent to the sphere at its north pole A. 
Now, in order to determine the receiver | 
point from the given sender point, it is: 
only necessary to transfer the latter to the: 
sphere by stereographic projection from. 
A, and to project the obtained images: 
back from the sphere into the receiver 
chart using point B as the center of pro- 
jection, as shown in Figure 10. Proof that 
this procedure is mathematically equiva- 
lent to the two-dimensional procedure 
(as embodied in Figure 9) will be found 
in the last part of the appendix. Lacking 
a better name, it will be referred to as the 


ELECTRICAL ENGINEERING 


e the other is guided along any de- 
sender locus in the chart plane. 

e important, perhaps, the modified 
_stereographic projection affords a concise 
formulation of the peculiarities of the 


- 
7 


- 


SENDER 
CIRCLE FOR 


. 200 MW AT 
7 a RECEIVER 
— 
oat 
: ne . Y 
_RECEIVER 
REAL POWER 


” 


SENDER 


SENDER REACTIVE POWER 


Figure 7. Sender contour of constant receiver 
: wattage (200 megawatts) 


‘power-chart transformation. For in- 
stance, we see why circular sender curves 
must give rise to ellipses in the receiver 
‘chart. This is so because sender circles 
are always stereographically represented 
as circles on the sphere which are then 
subjected to reprojection from the center 
B. Again, the general rule that the direc- 
tion sender-receiver point is always paral- 
lel to SO follows geometrically from the 
fact that corresponding point pairs lie in 
a plane with A and B, as do points S and 
O. Line AB is parallel to SO and to PP,, 
thus proving our rule. 

_ The limiting parabola permits a neat 
visualization in terms of the modified 
stereographic projection, being the border 
line of the shadow which the sphere will 
cast on the receiver chart when illumi- 
nated by a point source at B. The shadow 
clearly must be a conic section, and more 
specifically a parabola since the light 
source B is at the same height as the north 
pole A. It becomes a simple problem in 
geometry to verify its exact location and 
the fact that the borderline of the illumi- 
nated region on the sphere is the stereo- 
graphic projection of line b. 

It also will be seen that any straight 
line in the sender chart gives a circle 
through A by stereographic projection on 
the sphere, and in the receiver chart a 
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_ sphere. 


Operation With Constant Receiver, 
Variable Sender Voltage 


The power-chart transformation also 
can be established if the receiver ter- 
minals instead of the sender terminals are 

_ operated at constant voltage. To re- 
formulate our statements for this case, it 
is merely necessary to interchange the 
words ‘‘sender’’ and “‘receiver’’ whenever 
they occur and to reverse the signs of all 
power vectors, for example, by rotating the 
diagram of sender and receiver chart as a 
whole through 180 degrees. The letters 


_, Sand O now mean short-circuit and open- 


538-3 


RECEIVER 


SENDER REACTIVE POWER 
REACTIVE POWER 


Figure 8. Sender and receiver contours of 
receiver current (200 amperes per line) 


circuit power measured “‘looking back- 
ward,’’ that is, with rated voltage at re- 
ceiver terminals and the sender end short 
circuited or, respectively, open. As an 
illustration, Figure 11 shows the diagram 
for the system of Figure 1, operating with 
constant receiver voltage of 240 kv line- 
to-line and constant real power at the 
sender. (If the circuit of Figure 1 in- 
cluded the generator synchronous imped- 
ance, assumed constant for the sake of 
arguments, this would give the receiver 
contours of prime-mover HP=2.0X105.) 
Points S and O are determined by plotting 
on the receiver chart the two vectors 
—(P+7Q)..and—(P+7Q) 9, respectively, 
the latter being 


2402 2402 
—1,600j | 791.6—416j 


Point N has the same position on the re- 
ceiver chart which it previously (Figure 4) 


)- —57.0—66.0j 
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E,=E,(Z Y,+1) =i) 


¥ SS ead 


had in the sender chart. ‘The angles 28" " 


and 26 are not equal. Otherwise, the — 


“sender” and “‘receiver’’ are reversed; a_ 
circular receiver locus now corresponds to _ 


the sender locus g, the latter being the 
radical axis of the receiver locus relative = 


to the point O. ~ 


Appendix I. Power-Chart Trang a : 


formation Applied to a General 
| Sender Circle 


The construction embodied in Figure 9 


will be established by first deriving a gen- 
erally valid complex vector equation for 
sender and receiver power. The funda- 
mental line equations 


(4a) 
I=—E,(ZViY2t+ Vit ¥x)+1(Z¥2+1) (4b) 


can be reduced to a form not involving the 
circuit elements Z, Y;, Yo. Thus, one 
avoids the need for representing given trans- — 
mission systems by equivalent circuits. 
Setting E, in equation 4a and J,in equation 
4b alternatively zero, one finds the short- 


Figure 9. Receiver locus for an arbitrary 
sender circle 


circuit current and, respectively, the open- 
circuit current of the system 


ZY,4+1 Y, 
1 and Io =2{ Vit5 a5) 
(5) 


To eliminate the circuit elements we intro- 
duce the quantity J,,, meaning the current 
which flows in the short-circuiting strap at 
short circuit. Thus 


Is, =Es 


Ism = Es/Z = VIs9(Is1—Io1) 


=/1,(a=te) . 6) 
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mes 


a oe a a 
¥ E,=Es In — and I; =Im> aa 
> ae Es, 7 fa peols 


have oe aah % we red <® an 
a < \ “ea 


re - obtained by complex multiplication — 


HID) = I=, (Ie1— Tor) In 


Since the sender voltage is constant, each 
current vector on the right hand of equation 
. Q is turned into a complex power vector by 
multiplication with E,.— 
notation P for (P-+jQ) =£,1, and similarly 
PP, =(P+JQ)r, Pa=ELla, Pm=Eslm, and 
so forth, equation 9 is changed to fed tate 


pp (P= P)(P= Pot) Pm 
iy ie, i (Pa oP) \ Pn 

; Equation 10 could be interpreted as a com- 
plex equation between points DiI Ds ahe both 


- 
“i 


(9) 


7 
Pai 


(10) 


= 


REACTIVE 
POWER 


RECEIVER 


SENDER 
: REAL POWER 


REAL POWER 


Figure 10. Power-chart transformation repre- 
sented as a projective relation in space 


were plotted as the end points of complex 
vectors in the same reference frame. How- 
ever, equation 10 can be reduced to a much 
simpler form by displacing the receiver 
frame against the sender frame in the man- 
ner described in the text, that is by moving 
its origin through a distance P,, and rotating 
the axes through an angle 25 such that the 
unit vector 


= (Psi— Po) Pn 
(Psi— Pon) Pn 


245 


(11) 


With reference to this new receiver frame, 
points which in the sender chart represent a 
power vector P are then represented by P’ 


P’=(P—Py)e (12) 
P,,'=(Pa—Paje “and Po,’=zero (12a) 


while points representing receiver power are, 
of course, still given by P,. Introducing 
equations 11, 12, and 12a, into equation 10 


ea nals i Cf ena 
pe - Es¥1=In—In. (7) 
Introducing equation 7 into equation 4 we P— 


& (8) 


eke ees Cer se SF. SS pit pa 8 ore 
ia from which the receiver power vector is 


Using the short. 


' Wattage. 


changes this equation to 


(13) 
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aoa 


is 
cle diagrams 
line for use in eneral c 

Proof of the geometrical re! 
in Figure 9 rests on equatio We: 
use the symbol OS to indicate the ve 
pointing from S to O and so forth, so th 
PP,=(P'—P,), 0S=Pa' and so forth. 
Now it is a known property 


point P on the circle is proportional to the 
square of distance OP, thus : 


‘ 


OP*= 2x00. «ine, : : 


receiver chart 


P'P =2xe ee 


where x is the vectorial distance from line 7 
to P, and ¢ is the vector from O to center ic 
(Figure 9). Combining this with equation 


- 13 one has a proportionality between com- 


plex vectors 
(P’—P,):2=6 : Ps, 


This can be interpreted as stating similarity 
of two triangles, one formed by the two vec- 
tors PP, and PP, and the others by the two 
vectors OC and OS. The conjugate signs 
on the right of equation 15 signify that it isa 
similarity with inverted clock-sense as 
stated in the text. To find the center C’ of 
the ellipse, the construction by similar tri- 
angles may be used, identifying points P and 
P, with C and C’, respectively. (This not- 
withstanding, C’ is not the receiver point 
coexisting with sender point C.) 


Appendix Il. Proof of the 
Corollaries Used in This Paper 


Case 1. Contours of Constant Receiver 
Voltage. Since the sender circles have 
their center at S, points S and Cin Figure 9, 
and consequently points P,; and P, coincide. 
This means that sender and receiver points 
are symmetrically situated with respect to 7. 


Case 2. Contours of Constant Receiver 
The sender circle has its center 
on b, making the triangles (OSC) and 
(PP,P) of Figure 9 isosceles, so that point 
P; lies on a line which perpendicularly bi- 
sects PP, that is, on the radical axis r. 
Conversely, whenever the receiver locus is a 
straight line, it is the radical axis of the 
sender circle and point O- 


Case 3. Contours of Load Power Factor. 
The straight line of case 2 passes through O, 
reducing the radical axis to the tangent at O. 
The sender circle passes through O and, 
having its center on 0, through S also. 


Case 4. Contours of Receiver Amperage. 
The sender circle has its center at O so that 
the quantity P’ of equation 13 is of constant 
amount. The receiver locus is obtained by 
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ff 
- 


or in complex notation, using vectors were =| 


(14) aE ee 
- Figure 11. Receiver circle for constant 


of the radical | 
axis that its distance x from an arbitrary | 


ceiver voltage (240 kv) and constant sender 
teal power 2 


P? (radius)? : 
ac cal ; 


Ps 


and this is in accordance with the construc- | 


tion of Figure 8. om 


~. 


Appendix _ Ill. 


As shown in the text, the modified stereo- 
graphic projection gives correctly the direc- 


tion from sender to receiver point as parallel 
to SO. Since any arbitrary sender point | 
can be defined as the intersection of one such _ 
line with a sender circle of constant load 


power factor, it will be sufficient to show 
that these sender circles are correctly giv 
by the modified stereographic projection 


Now referring to Figure 10, if the receiver 
locus is a straight line g through O, the 


‘ / J } - i 
shifting the sender locus through the dis- — 
(15) ; tance 7 j i i 


Proof of = th : | 
_ Modified Stereographic Projection 


5 


i 


corresponding circle on the sphere lies on a 


plane through line g and point B, a plane 
which also contains the stereographic image 
of point S. 
obtained by projection from A, must pass 
through O and S, and be tangent to g, which 
was to be demonstrated. 
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Bee mopeis: Seriougy ‘nsideration is being 
given to large poy “z-system interconnec- 
Brion: which could develop short circuits at 
certain locations in excess of 3,500,000 kva. 
Be oil-circuit-breaker capabilities 
- for such heavy duty are reviewed in this 
_ paper, the fundamental design requirements 
outlined, and results of high-power labora- 
tory tests presented which demonstrate that 
interrupting capacity. ratings as high as 
_ 5,000,000 kva are feasible. Laboratory test 
_ methods for demonstrating these extremely 
high are rupturing ratings are evaluated. 


_The importance of verifying high-speed re-_ 


Beciasing performance with high-power tests 


i 


is emphasized, and on the basis of data al- 


ready obtained, standard reclosing time 


i 


intervals considerably less than 20 cycles are 


- foreseen. 


HE interconnection of large electric- 
power systems has resulted in such 
heavy concentration of power at certain 
points that the possibility of short cir- 
cuits in excess of 3,500,000 kva must be 


- considered. Whether advantages of sol- 


idly tied together ‘‘super-power’’ systems 
are to be fully realized may depend in 
considerable measure on the adequacy of 
the protective equipment. This paper re- 


- views the present status of high-voltage 


oil circuit-breaker design and develop- 
ment, with particular emphasis on the re- 
quirements for interrupting capacity 


ratings as high as 5,000,000 kva in the 


138-kv, 
classes. 


161-kv, and 230-kv voltage 


Performance Requirements for 
5,000,000-Kva Oil Circuit 
Breakers 


In the rating of high-voltage oil cir- 
cuit breakers for 5,000,000 kva, the item 
‘which demands the most critical atten- 
tion is the interrupting capacity. Insula- 
tion tests, continuous and short-time 
current carrying ratings, and mechanical 
operating speeds need not involve any 
serious departure from conventional prac- 
tices. However, the arc-rupturing ability 
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MEMBER AIEE 


cannot be predicted accurately, and as- 
surance of adequacy requires actual 
short-circuit testing along the following 
lines: 


1. Voltage interrupting ability should be 
demonstrated to at least 87 per cent of line- 
to-line voltage across a single pole at what- 
ever current values are available. For the 
188-, 161-, and 230-kv ratings under con- 
sideration, these minimum test voltages 
would be 115-, 140-, and 200-kv respec- 
tively. Interrupters which show very little 
increase in arcing time as the voltage is 
raised are particularly favorable to methods 
of extrapolation where full rated short-oir- 
cuit power is not available for testing. 


2. Voltage-recovery rate may be an im- 
portant consideration, depending on how 
sensitive the interrupting device is to the 
rate of rise of recovery voltage.1 Most 
high-power laboratory circuits havea re- 
covery rate in excess of 1,000 volts per 
microsecond for the higher current range. 
However, it should be pointed out that veri- 
fication tests on a power system will have a 
very much lower rate because of the added 
capacitance of transmission lines and the 
overvoltage damping effect of parallel loads 
connected to the bus at the time of test. 


8. Current-interrupting ability should be 
shown by short-circuit tests up to the full 
current values of 21,000, 18,000, and 12,500 
amperes for 5,000,000-kva ratings at 138, 
161, and 230 kv respectively, using the high- 
est test voltages at which these currents 
may be obtained. Still better are tests in 
which the rated short-circuit currents Are 
interrupted by-a subdivision, such as a half 
pole of the breaker, across which normal 
voltage for that particular section can be 
applied, as discussed under test methods. 


4. High-speed reclosing of oil circuit break- 
ers is generally recognized as involving addi- 
tional severity in short-circuit interrupting 


- duty when there must be a second interrup- 
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Hill, Leeds—Step in Interrupting Capacity 


call y. wee ' hy a 4. % 


tion it an interval # ne a fraction of re om 
second. For two operations in such close ~ 


succession, it has been customary to use an — 
interrupting rating factor of 75 per cent for _ 
ratings between 10,000 and 20,000 amperes, 


and 65 per cent for ratings between 20,000 
and 40,000 amperes. If these factors are 


applied to 5,000,000-kva breakers the inter- 


rupting capacity at 161 kv and 230 kv 
would be reduced to 3,750,000 kva for rapid 


reclosing duty, and at 188 kv to 3,250,000 


kva. Since intervals of 20 or 30 cycles do 
not, in general, allow time for the gas pro- 


duced by one operation to be completely: Te- ; 


placed by oil in the interrupting units before 
the next operation, it is essential that full 


voltage and current per unit be used in ~ 


demonstrating the adequacy of the breaker 
for high-speed reclosing duty. 


High-Voltage Oil-Circuit-Breaker 
Design 


_ There are a number of factors which 
affect the interrupting capacity of a high- 
voltage oil circuit breaker. It is taken 
for granted that modern oil circuit break- 


ers require some type of arc extinguishing © 


device in order to provide sufficiently 
effective arc-rupturing action to meet 
present day high-speed interrupting time 
ratings. High effectiveness is indicated: 
by low tank pressures and small quanti- 
ties of gas generated. For a given con- 
tact velocity and current to be inter- 
rupted, it is evident that the total amount 
of gas generated will be proportional to 
the arc energy, and in tur to the arc 


voltage per inch of contact separation — 


and time of arcing. 

A number of arc-rupturing devices 
which use self-generated are extinguishing 
power have the characteristic of reduced 
arcing time as the current increases. 
the short-circuit current is raised higher 
and higher, eventually one of two things 
will result to set a limit on the inter- 
rupting capacity. In the first place, the 
interrupting effectiveness may be im- 
paired by insufficient oil supply in the 
ate chamber, or choking of the vent 
passages may leave too much ionized gas 
in the are space with the result that the 
are is not interrupted and failure occurs. 
On the other hand, the internal pressure 
generated during the arcing period may 
reach values sufficient to rupture the arc 
chamber so that the ability to function on 
subsequent operations would be lost even 
if arc interruption should occur on the 
operation during which damage occurred. 
If prompt back-up protection is not pro- 
vided, continued arcing may result in 
splitting open the tank itself. 

It has been found experimentally that, 
not only is the internal pressure propor- 
tional to the total arc energy, but super- 
imposed high-pressure impulses are pres- 
ent which are a function of the rate of arc 
energy liberation, in other words to the 
instantaneous arc power. It is evident, 
therefore, that excessive speed of arc 
lengthening, either by magnetic looping 
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Figure 2. Cut-away view of 138-kv multiflow 
deion grid showing oil flow produced by 
upper pressure-generating arc 


Lower arc is subjected to deionizing flow 

from three pairs of converging oil jets. Gases 

are exhausted through two pairs of vents at 
intermediate levels 


of the arc, blasting of the arc through 
ports or around splitter plates, or by ex- 
tremely high contact velocities, will tend 
toward raising the pressure peak and, 
therefore, influence the ultimate short- 


318 TRANSACTIONS 


Figure 1. 115-kv_ oil 
circuit breaker rated 
1,500,000 kva with five- 

cycle interrupting time— 


Oil volume reduced to 

only 60 per cent of super- 

seded eight-cycle breaker 

by using multiflow deion- 
- grid interrupters 


circuit capacity. Those are rupturing 
devices which are relatively freely vented, 
avoid unnecessary arc lengthening, and 
utilize moderate contact opening speeds, 
will be most suited to application in cir- 
cuit breakers of maximum interrupting 
rating. 

Although the effectiveness of modern 
circuit-interrupting devices has resulted 
in making the tank diameters of the high- 
voltage breakers more dependent on in- 
sulation clearances than on interrupting 
capacity, there are still certain considera- 
tions of physical dimensions which must 
not be neglected in the design of breakers 
having rupturing capacity as high as 
5,000,000 kva. In the first place, the 
gas vented from the arc-extinguishing 
structures momentarily substitutes a 
weaker dielectric for the oil usually main- 
tained between live parts and the 
grounded tank and also between the live 
parts on adjacent terminals. Insulating 
shields on the interrupting structures, 
and possibly insulating tank liners, can 
be used to maintain adequate dielectric 
strength, both by the introduction of the 
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which maintain a layer of relatively un- 


disturbed oil adjacent to the metal parts - 


where the voltage gradient is a maximum. 
Well-rounded metallic shields covering 
all live parts are of particular benefit in 


keeping down excessive localized voltage © 


gradients from which breakdown stream- 
ers might start. 
Sufficient air space is usually provided 


above the oil level in the large breakers. 


so that even if all exhaust pipe openings 


were closed the amount of gas generated 


during a maximum kilovolt-ampere in- 
terruption would raise the static pressure 
only a fraction of an atmosphere. How- 
ever, circuit-breaker tanks are known to 
have a tendency to jump during heavy 
short-circuit interruptions due to tran- 
sient pressure effects. These have been 
analyzed? and shown experimentally to 
be due to unbalanced vertical forces. As 


‘the gas is rapidly expelled from the arc- 


extinguishing structures, a considerable 
mass of oil must be lifted to make room 
for the expanding gases. A strong down- 
ward pressure impulse is transmitted 
to the bottom of the tank whereas the 
upward force is utilized.in accelerating 
the moving oil mass and is not directly 
applied to the breaker structure. As a 
result, the entire breaker moves down- 
ward by elastic deformation of mounting 
supports, frame, and foundation, and 
then rebounds upward. 

It is doubtful whether in the larger 
circuit breakers the upward moving oil 
strikes the cover or dome with sufficient 
force to produce appreciable mechanical 
pressure. Pressure records taken at the 
bottom of the tank indicate repeated 
pressure impulses due to oscillations of 


Figure 3. Circuit-breaker test connections 
and equivalent three-phase interrupting capac- 
ity obtainable 


Half-pole test and three-phase test on single 

pole assumes equal division of voltage be- 

tween halves of pole unit under normal 
conditions 
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+ BASED ON SINGLE-PHASE LABORATORY CAPACITY , 60% OF THREE-PHASE CAPACITY 
% BASED ON SIX TIMES MAXIMUM DUTY ON HALF POLE 


Hill, Leeds—Step in Interrupting Capacity 


ELECTRICAL ENGINEERING 


* 


le 


3 


a 


ig 


the oil mass continuing for an appreciable 


e following arc interruption. In fact, 


the collapse of the gas bubble due to 


cooling immediately _ after arc rupture 
often results in a pressure impulse to the 


et yottom of the tank at the moment of 
_ downward return of the oil mass which is 


_ actually of greater magnitude than the 
initial rise of pressure during arcing. Be- 
cause of the pressure shocks on the 
_ breaker, it is well to have the tanks bolted 
firmly to the foundation. However, it 
has been found that the design of more 
_ effective arc-rupturing devices with re- 


_ sulting lower pressure impulses has more 
_ than kept up with the increase in breaker 
ratings so that stresses during the inter- 


— 


ruption of 3,000,000 to 5,000,000 kva 


_ in modern breakers are actually less than 
_ when interrupting 1,000,000 to 2,500,000 
_ kva in the earlier designs. 


The multiflow deion grid for high-volt- 


age oil circuit breakers has been described 
_ before the Institute in previous papers.*4 
The high degree of arc-rupturing effec- 
_ tiveness obtained with those interrupters 


has made possible a very substantial re- 
duction in tank diameter and oil volume 
for standard ratings. For instance, the 
1,500,000-kva breaker for 115-kv service 
shown in Figure 1 uses tanks only 50 
inches in diameter with an oil volume 60 


per cent of the breaker which it super- 


sedes. It may be well to review the 
features which make the multiflow grids 


particularly suitable for circuit breakers 
of high rupturing capacity. 


A cross section of a 138-kv five-cycle 
grid assembly which has been tested to 


nearly 5,000,000 kva is shown in Figure 


2. The upper contact gap for producing 
oil-driving pressure is opened slightly in 
advance of the main contact gap by 
downward movement of the spring-biased 
intermediate contact and the main mov- 
ing contact and cross bar. The oil under 
pressure flows toward the main arc 
through three pairs of inlet channels at 
different levels, passing through orifice 
openings in close proximity to the arc 
which is thereby cooled and deionized. 
The carbonized oil and arc products are 
then exhausted through two pairs of ports 
alternated between the inlet passages. 
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ducing three-phase short 


circuits of more than 
2,000, 000 kva at 13,200 
: volts 


~ Each rotor weighs approxi- 
- mately 250 tons 


By this means, the complete length of arc 
is acted upon, and arc rupture is accom- 
plished without unnecessary lengthening 
and with surprisingly low pressure within 
the main body of oil, even at the highest 
short-circuit interrupting duty. 

Even for three-cycle interrupting time 
ratings it has been found necessary to 
provide only two interrupting units per 
pole, the additional speed being obtained 
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“state of nied cacao a ae ‘ 
been virtually impossible. In the labora- 


tory the voltage, current, and circuit 


conditions may be varied, at will and re- 


% 
peated as often as necessary to obtain — 


the desired amount of design and per- 
formance data, 


Final verification of a new design by 


field tests on an actual power system has, Ss 
of course, certain advantages both to the ed ie 


manufacturer and operating | company, — 


2 eee 


particularly where the short-circuit ca- = 
pacity available is in excess of that pro- 


vided by the testing laboratory. Thus, — 


a confirmation of the methods of extra- _ 


polation in laboratory testing is obtained — S 


while the operator gains assurance as to 


the operation he may expect on his par- — 


ticular system. It should be recognized, 
however, that because of hazards in- 


volved in subjecting a power system to _ a 


these heavy short circuits, the number of 


repeated tests necessarily is rather lim- L 


ited. Also, the low recovery rate usually 
associated with an extensively intercon- 
nected system makes it unlikely that the 
most severe circuit conditions to which 
the breaker might be exposed, perhaps in 


sab-s 


x1d- aakv 
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minke pepe ist tl | 


INTERRUPTED oes Safe ane AMPERES 


Figure 5. Comparison of arcing time on 

single-phase 44-kvy tests and three-phase 

ungrounded 66-ky tests verifying 1,500,000- 
kva rating on standard deion grids 


by faster tripping of the breaker mecha- 
nism and by increasing the speed of 
opening of the lower contact in the grid 
with a multiplying linkage. By eliminat- 
ing extra pairs of multibreaks within 
the breaker, the total arc length, arc en- 
ergy, and resulting pressure are kept 
within reasonable limits. The arcing time 
is so short that the silver tungsten arcing 
tips show relatively small amount of 
wear and burning during even the heavi- 
est short circuit. Furthermore, the prin- 
ciple of bringing oil radially inward from 
opposite sides of the arc tends to center 
the arc in the orifices which are, there- 
fore, protected by flowing oil from burn- 
ing, and thus maintain their original di- 
mensions very closely for a large number 
of short-circuit interruptions. 


High-Power Laboratory Test 
_Methods 


Without a high-power testing labora- 
tory, the development of modern circuit- 
interrupting devices to their present 


. 
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_symmetrical 


other locations, will be obtained during 
the tests. 
Four methods of high-power laboratory 


testing applicable to high-voltage oil 


circuit breakers are illustrated in Figure 
3. Method A is the standard three- 
phase connectioft from the power trans- 
former bank to the test breaker with the 
fault ungrounded. This is rarely used 
for verifying the large outdoor floor- 
mounted oil circuit breakers which are 
tested more conveniently single phase, 
and which, in general, have ratings ex- 
ceeding the three-phase short-circuit 
capacity of the laboratory. For instance, 
the two 60,000-kva testing generators of 
the Westinghouse High-Power Labora- 
tory,’ shown in Figure 4, will develop 
together a three-phase first-cycle sym- 
metrical short circuit of over 2,000,000 
kva at the generator voltage of 13,200 
volts. However, the impedance of the 
step-up transformers limits the maxi- 
mum three-phase short-circuit current at 
these higher voltages to 1,600,000 kva. 
By pretripping the test breaker so that 
the circuit breaker contacts will part in 
the first cycle of short circuit, the total 
rms current measured in the most asym- 
metrical phase will reach a value ap- 
proximately 50 per cent greater than the 
value. Calculating the 
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Figure 6. 230-kv multiflow deion-grid short- 
circuit tests 


(a). Three-cycle grid, 198 kv single-phase 
equivalent to 2,500,000 kva at 230 kv three 
phase 
(b). Three-cycle grid, 132 kv single phase, 
equivalent to 4,300,000 kva at 230 kv three 
phase 
(c). Five-cycle grid, 132 kv single phase, 
equivalent to 3,700,000 kva at 230 ky three 
phase 
(d). Three-cycle grid, 66 kv across half 
pole, equivalent to 4,800,000 kva at 230 kv 
three phase 


three-phase kva on the basis of initial 
voltage and the maximum rms current 
in any one phase, the resulting short cir- 
cuit may be considered to demonstrate 
an interrupting capacity of 2,400,000 
kva. The shorter the arcing time, the 
more valid this test beeomes, since the 
current decrement during the arcing pe- 
riod will be somewhat greater than under 
average power-system short-circuit con- 
ditions. 

Method B of applying a single-phase 
fault at normal line-to-ground voltage to 
a single breaker pole is the most common 
method of laboratory testing of high- 
voltage breakers. With minimum trans- 
former impedance obtained by paralleling 
all transformers, about 60 per cent of the 
three-phase capacity is developed in the 
single pole, the equivalent three-phase 
power, therefore, being 1.8 times the 
laboratory capacity. Thus, the two 
Westinghouse generators feeding six 
single-phase transformers in parallel will 
produce a first-cycle symmetrical single- 
phase short circuit of nearly 1,000,000 
kva, corresponding to a_ three-phase 
grounded fault of 3,000,000 kva. Pre- 
tripping to obtain greater asymmetry 
during the arcing period will raise the 
equivalent three-phase power to well 
over 4,000,000 kva. 
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The question often is raised in con- 
nection with single-phase tests at line-to- 
ground voltage as to whether the ade- 
quacy of a breaker to interrupt a three- 
phase ungrounded fault has been dem- 
onstrated. In the latter case, the first 
pole to clear must interrupt 87 per cent of 
line voltage instead of 58 per cent, while 
the other two poles divide the duty in 
opening the line-to-line fault which re- 
mains. The discrepancy is not nearly so 
great as might be imagined, however, 
since, on a three-phase ungrounded test, 
each pole takes its turn in succession to 
try to be the first pole to clear the circuit. 
This follows from the fact that the. cur- 
rents in each of the three phases do not 
go through zero value at the same time 
but at approximately 60 electrical degree 
intervals. Failure to perform satisfac- 
torily actually would mean that no one 
of the three poles had the ability to open 
the short-circuit current at 87 per cent of 


a 


line voltage. It is not surprising, there- : 


fore, that a test at this 87 per cent voltage 
applied directly to a single breaker pole, 
which has no choice but to clear or fail, 


should impose a more severe condition — 


than a three-phase ungrounded fault 


_ on the full three-pole breaker. For this 


reason, a circuit breaker which has been 
demonstrated to have the ability to in- 


terrupt short circuits of at least moderate 


power at 87 to 100 per cent of line volt- 
age may be tested single phase at 58 per 
cent of line voltage up to its rated mter- 
rupting current with considerable as- 
surance of demonstrating the ability of 
the breaker to handle not only grounded 
short circuits but three-phase ungrounded 
short circuits as well. 

Confirmation of this analysis is given 
by the test data plotted in Figure 5 show- 
ing the arcing time in a 69-kv oil circuit 
breaker being tested for a 1,500,000-kva 
rating by both single-phase tests at 44 kv 
and three-phase ungrounded tests at 66 
kv. The average arcing time was almost 
identical under the two test conditions 
which were carried to short-circuit cur- 
rents well above the breaker rating. 

To demonstrate interrupting capacity 
at still higher kva, at least two other 
methods are available. By cutting out 
one half of the interrupting elements in 
a single pole as shown in method C of 
Figure 3, and testing at one-half line-to- 


138-kv. multiflow deion-grid short- 
circuit tests 


Figure 7. 


(a) Five-cycle grid, 88-kv single phase, 


equivalent to 4,200,000 kva at 152 kv three 
phase 


(b) Five-cycle grid, 132-kv single phase,- 


equivalent to 4,500,000 kva at 230 kv three 
phase 

(c) Five-cycle grid, 44 kv across each grid, 

equivalent to 4,800,000 kva at 152 ky three 
phase 
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Figure 8 (above left). 35-cycle reclosing duty on 161-kv multiflow 


deion grids 


Interruption of 12,200 amperes at 88 kv to ground, equivalent to 
3,200,000 kva three phase, reclosed in 29.5 cycles, second interrup- 
tion of 9,500 amperes. Both operations within three cycles each 


Figure 9 (left). 20-cycle reclosing duty on 161-kv multiflow 


deion grids 
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Interruption of 11,100 amperes at 88 kv to ground, equivalent to 

2,900,000 kva three phase, reclosed in 20 cycles, second inter- 

ruption of 10,000 amperes. Both operations within four cycles 
each 


ce oe Figure 10 (above right). Eight-cyle double reclosing duty o 
Pirie ry ERNE Pee 161-kv multiflow deion grids 
Three interruptions averaging 7,500 amperes at 88 kv to ground, 


U100 Amps equivalent to 2,000,000 kva three phase, reclosed in 6.9 and 7.7 


ground voltage, it is theoretically pos- 
sible to subject the half pole to twice as 
much duty as would be the case when 
testing the complete pole unit. However, 
this test may be deficient in three re- 
spects. In the first place, the voltage dis- 
tribution at the time of interruption is 
such that more than half of the recovery 
voltage appears across one of two breaks 
in a grounded steel-tank breaker. In the 
second place, the voltage between the 
energized terminal and the tank under 
this special test condition is only one half 
of normal and, therefore, the possibility 
of flashover through gas bubbles is not 
adequately checked. - In the third place, 
the total stress on the pole unit with re- 
gard to physical shocks and total volume 
of gas produced is only one half the value 
to be expected with the whole pole unit 
functioning at full power. 

The question of voltage distribution 
can be minimized if some controlling 
means such as a suitable resistor is used 
across each of the interrupters so as to 
assure a substantially equal division of 
voltage between the two halves of the 
breaker. Then, insofar as the ability of 
the half pole to interrupt its rated volt- 
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cycles. 


age and current is concerned, this type of 
test may be considered valid. 

The fourth test method, connection D 
of Figure 3, of applying a three-phase 
short circuit to the single-test pole unit 
has been used in European high-power 
laboratories for many years.6 Two 
phases from the power transformers are 
connected to the main terminals and the 
third phase grounded and connected by a 
flexible shunt inside the breaker to the 
moving contact cross arm. Line-to-line 
test voltage is thus applied to each half 
of the pole unit, although it should be 
recognized that the currents are out of 
phase and also that the first pole to clear 
only gets 87 per cent of the value which 
the second pole clears. Nevertheless, this 
test has the advantage of developing the 
full amount of arc energy in the single- 
pole unit. Also, -the electromagnetic 
stresses and the expulsion effect on the 
tip of the moving contact are more 
equally balanced. Instead of calculating 
the equivalent three-phase short-circuit 
duty as three times the three-phase 
laboratory output, it seems reasonable to 
apply the same criterion used in method 


C of six times the maximum duty on the _ 
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All operations within five cycles each 


most highly stressed half of the pole unit 
which gives a three-phase equivalent 
factor of 6+/3, or 3.46. 


Short-Circuit Tests Above 3,500,000 
Kva 


A number of very high power inter- 
ruptions have been made during the de- 
velopment and verification of high-volt- 
age breakers for 3,500,000 kva using the 
test methods outlined here. For in- 
stance, the three-cycle 230-kv breaker 
for 3,500,000 kva was given a single- 
phase test at normal line-to-ground volt- 
age of 132 kv interrupting a total asym- 
metrical current of 10,900 amperes. 
This is a direct test of 1,440,000 kva on 
the single test pole, equivalent to4,300,000 
kva three phase. As a further check 
on the interrupting ability of this breaker, 
87 per cent of line voltage or 198 kv was 
applied to the single-pole unit, and a 
short-circuit current of 6,300 amperes 
cleared satisfactorily. This is equivalent 
to 2,500,000 kva on the basis of current 
alone, but if the 50 per cent additional 
voltage is included, the equivalent kva for 
a three-phase short circuit on a 345-kv 


TRANSACTIONS 321 


system may be considered to be 3,750,000 
kva. A still higher current of 12,200 
amperes was interrupted with one half 
of the pole unit shunted out and 66 kv 
applied to the other half. Assuming 
that all six similar units of the complete 
three-pole breaker were handling the 
same duty, this would be equivalent to 
4,800,000 three phase kva. 

A design of 230-kv five-cycle multi- 
flow grids was tested up to 9,400 amperes 
with 132 kv across the single pole, which 
is a direct test equivalent to 3,700,000 
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132 Kv (3000V/pSEC MAX) 
132 KV (IS0O0V/p SEC MAX) 


are 
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Figure 12. Arcing time in high-voltage 

multiflow deion grid fairly constant over wide 

range of voltage, interrupted current, and 
voltage recovery rate 
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Figure 11 (left). 


tion control 


kva. The oscillogram for this test and 
the three 230-kv tests mentioned in the 
previous paragraph are shown in Figure 6. 


Although 138-kv breakers could be 
tested at the line-to-ground voltage of 
76 kv, maximum power can be obtained 
at the standard laboratory test voltage of 
88 kv,-and the slightly higher voltage 
demonstrates some additional factor 
of safety and voltage-interrupting ability. 
Three high-power tests are shown in 
Figure 7 on a 1388-kv breaker. The 
maximum current of 15,800 amperes at 
88 kv corresponds to 3,800,000 kva at 
rated voltage and 4,200,000 kva at the 
actual test voltage. The exceptional in- 
terrupting ability of this particular multi- 
flow deion grid was demonstrated by in- 
terrupting the maximum capacity of the 
laboratory with full-line voltage across 
the single pole. This test of 11,400 am- 
peres with 132 kv on a single pole was 
interrupted satisfactorily, being actually 
equivalent to a 230-kv three-phase short 
circuit of 4,500,000 kva. A three-phase 
short-circuit test applied to the single 
pole with 44 kv across each grid also was 
obtained, clearing 18,300 and 15,500 am- 
peres in the two interrupters. For this 
test, the short-circuit power on a three- 
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5,000,000- 
kva multiflow deion grid design 
for five-cycle interrupting time 


Side operating rod A opens 
upper contact B simultaneously 
with opening of main contact 
C. Large oil reserve in pressure 
chamber D; strong tie rods E; 
resistor F for voltage distribu- 
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Figure 13 (above). High-power inter- 
rupting tests on multiflow deion grids 
using half-pole test method 


(a). _ 230-kv interrupter, 18,700 am- 
peres at 66 ky across half pole, equiva- 
lent to 7,400,000 kva three phase 
(6). 161-kv interrupter, 25,200 
amperes at 44 kv across half 
pole, equivalent to 6,600,000 kva 
three phase 


phase basis at rated voltage corresponds 
to 4,800,000 kva. 


Ultrahigh-Speed Reclosing 


The value of high kilovolt-ampere labo- 
ratory interrupting capacity testsisunusu- 
ally important in the case of high-speed 
reclosing. Under these conditions, the gas 
generated from the first operation might 
be expected to produce conditions that 
would affect the interrupting ability on 
a succeeding operation after an interval 
as short as 20 or 30 cycles. It is, there- 
fore, very hazardous to extrapolate from 
low-kva tests on high-speed reclosing 
duty cycles to estimate the interrupting 
ability at high kva. It has been found 
that the multiflow deion grids are readily 
applied to ultrahigh-speed reclosing 
duty cycles, as illustrated in the follow- 
ing examples of tests made with a 161-kv 
five-cycle multiflow grid design. 

The first test illustrated in Figure 8 is 
an interruption of 12,200 amperes at 88 
kv across the single pole on a 35-cycle 
reclosure which corresponds to an inter- 
rupting duty of 3,200,000 kva. With the 
timing altered to give a 20-cycle reclosing 
operation, the next film in Figure 9 illus- 
trates the interruption of 11,100 amperes 
at 88 kv across a single pole. 

During an experimental test aimed at 
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on the a with which a cir- 
t breaker can be reclosed and interrupt 
second fault. With such an effective 


‘circuit interrupter, the design problem 
‘becomes one of providing an adequate 


mechanism and control scheme for these 
~ rapid duty cycles. The real limit will be 


fi set by the minimum time which must 


B ciapse after the first interruption for 


- -deionization of the line flashover to avoid 


. 


= ze- -establishment of the fault when volt- 


age is reapplied, unless the fault is 
"permanent, 


: A 5,000,000-Kva Circuit-Breaker 


Design — 


As a result of confirmation gained from 


_ these and many hundreds of other high- 


P high-voltage circuit interrupters, 


- power laboratory tests on a variety of 
some 


showing good performance and others 


_ features of a high-voltage oil circuit. 


failing completely, the principal design 


breaker capable of meeting an interrupt- 


| ing capacity rating of 5,000,000 kva have 


“ 


become fairly clear. With substantially 
constant arcing time in the high short- 


circuit current range, the gas generation 


and tank pressure become almost directly 
proportional to interrupting rating. This 
means that the tank volume should be 
increased in proportion to the rating in 


order to keep adequate electrical clear- 


ances during arc rupture. Other than 
an increase in the size and strength of 
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-multiflow deion grid designed for a 
-5,000,000-kva rating with five-cycle in- 
terrupting time. The four insulating tie 


_ rods have been increased in strength and 


_ the volume of the upper pressure chamber 
enlarged substantially. This assures a 
sufficient quantity of oil for high-speed 


reclosing where the interval between 


operations is too short to permit refilling. 
No appreciable change is required in the 
interrupting section other than a slight 
increase in size of the fibre plates to ac- 
commodate the large tierods. Theresistor 
of about 11/2 megohms connected be- 
tween the top and bottom of the stack 
assures approximately equal division of 
voltage between the pair of interrupting 
units in each pole of the breaker. 

The suitability of the multiflow deion 
grid interrupters for extrapolation to 
higher powers is shown by the charac- 
teristic curves of Figure 12. The arcing 
time, particularly at the higher currents, 
is very nearly the same for tests at volt- 
ages of either 88 kv and 132 kv. Also, a 
change in voltage-recovery rate of two to 
one made only a slight change in the arc- 
ing time, indicating positive arc-interrupt- 
ing action. 

In order to determine the arc-ruptur- 
ing performance at extremely high cur- 
rents, the half-pole test method was ap- 
plied to experimental units of a design 
similar to Figure 11, one built for a 230- 
kv five-cycle rating and one for a 161-kv 
five-cycle rating. Oscillograms of two 
tests are shown in Figure 13, the first 
being an interruption of 18,700 amperes 
with 66 kv across one grid unit, this 
being one half the normal line-to-ground 
voltage for a 230-kv system. The corre- 
sponding three-phase short-circuit power 
is 7,400,000 kva. There was very little 
external evidence of this tremendous 
power being interrupted, the maximum 
impulse pressure being only 50 pounds per 
square inch. The laboratory circuit on 
which this test was made had the very 
high recovery rate of 3,100 volts per 
microsecond. Test B of Figure 12 was 
made with 44 kv across a single 161-kv 
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tem, the circuit-voltage recovery rate oS 
being 2,500 volts per microsecond. ‘The : 
% heart. the’ erie Genkes ah e 4 
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case Figure Ue shows a sectional view of a 
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oil circuit breakers equipped with multi- — 
flow deion grids are entirely practical. — 


Conclusion 


tory test methods such as the appliceea 
tion of short circuits to only one half of a 


’ single breaker pole, sufficient information 
has been obtained concerning the per-— 
formance of modern oil circuit breakers — 
to indicate interrupting ‘ability consid- — 


erably above present ratings. Certain 


high-speed reclosing breakers have been 


shown apparently to have no inherent 
limitation in the shortness of the time 


interval between successive operations, — 


although there is some reduction in in- 
terrupting capacity. The accumulation 
of considerable short-circuit test data at. 
very high powers on high-voltage oil 
circuit breakers equipped with multiflow 


deion grids gives considerable assurance | 


that, when needed, circuit breakers hav- 
ing ratings of 5,000,000 kva can be made 
available. 
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ENSITIVE electric and electronic 
@® devices are what might be termed 
the ‘nerve centers” of modern war 
equipment. The men in airplanes, ships, 
' and tanks depend upon them for com- 
munication, for fire and direction control, 
and for the detection of enemy targets. 
The role of these devices in nonmilitary 
applications is familiar. 

To ensure accurate functioning and pro- 
longed life, these units must be pro- 
tected from damaging vibration and 
shock. It is the purpose of this paper to 

‘present to the engineer concerned with 
the protection of delicate equipments a 
compilation of information, on the funda- 
mentals of mechanical vibrations and the 
properties of structural rubber, which 
otherwise could be obtained only through 
critical study of a large volume of existing 
data. 

Vibration is, in general, a periodic 
motion essentially sinusoidal in character. 
It is practically. always objectionable 
and its elimination or insulation is de- 
sirable. The term vibration elimination, 

_ it is to be borne in mind, is not synono- 
mous with vibration insulation. Vibra- 
tion elimination connotes correction of 
the condition causing vibration, whereas 
vibration insulation deals with diminish- 
ing the amount of transmitted vibrational 
energy. 

Vibration-insulation problems can be 

classified in two categories: 


1. Problems involving the insulation, from 
its surroundings, of a unit originating 
vibratory disturbances, for example, an 
airplane engine. 


2. Problems involving the protection of a 
delicate unit from external vibratory dis- 
turbances, for example, a radio set, an 
instrument panel. 


Problems in either category can be 
solved by supporting the unit on a 
correctly designed, resilient suspension. 
Rubber mountings, or rubber springs as 
they are in reality, are used extensively 
for this purpose; they are both practical 
and economical. 

Requisite to the proper appraisal and 
solution of vibration-insulation problems 
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_ deflection (d). 


CIP pe 


is an understanding of the fundamentals ; 
and theory of mechanical vibrations. 
Fundamentals of bis 
Mechanical Vibrations 


Consider a system consisting of a mass 
supported on a spring and constrained 
by guides so that only vertical movements 
are possible (Figure 1). A mechanical 
system of this sort, the geometrical 
position of which can be expressed at 
any instant by one number only, is said 


. to have one degree of freedom. Assume 


that damping is absent and that the 
spring deflects according to Hooke’s Law 
(within the elastic limit of any body the 
ratio of the stress to the strain alas 
is constant). 

The deflection of the spring due i the 
weight of the mass is known as the static 
If the force required to 
deflect the spring a given amount is 
relatively great, the spring is said to be 
“stiff.” Spring stiffness is denoted by 
the spring constant (k) defined as the 
number of pounds required to deflect the 
spring one linear inch. 

If the mass be displaced by a single 
push or pull and then released, it will 
oscillate in free vibration above and 


below its equilibrium position (the 
cules at Figure1. Asingle- 
degree - of - freedom 

system 


_ > SPRING 

= 

—=—= STRUCTURE 
» a 


original rest point) ata frequency known 
as the natural frequency. The natural 
frequency of a spring system is a function 


of the static deflection. - 
188 
n= = 1 
f= (1) 


fn=natural frequency (cycles per minute) 
d=static deflection (inches) 


It can be seen immediately that high 
natural frequencies correspond with small 
deflections (refer “natural frequency 
versus static deflection’”’ curve, Figure 2). 

Assume now that the mass in Figure 1 
is a machine in which a certain amount 
of unbalance exists. When the machine 
is running, it is acted upon by a vertical 
periodic force (deriving from the un- 
balance) which causes it to vibrate (a 
problem in category 1). This impressed 
force, one of three acting on the mass 
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elongated a smi Il amount ce belov 


of the impressed and natural frequencies, 


spring alternate 


exerts on, or Cgeeree the supporting | 
structure a force whose maximum value 
it can be shown is pay 


X-=transmitted force ; 
F=impressed force ie 
fy=impressed frequency 
fn=natural frequency 


The ratio of the transmitted forte to" 
the impressed force is known as trans-— : 
missibility. 


. apa, transmitted force _ s ee 
Transmissibility = = (3) @ 
impressed force ; 


The ideal, of course, is to ive trans- 
missibility equal to zero (the practical aim — 
is to make it as small as possible). It is 


evident that the valite of transmissibility — 
depends selely upon the relative values 


Se 2 

PER CENT INSULATION | 

99 y (FORCED FREQUENCY ~ 
VERSUS STATIC DE- 

FLECTION,SEE CURVES) 


04070 90 95 


STATIC DEFLECTION — INCHES 


VIBRATION FREQUENCY — 
CYCLES PER MINUTE 


Figure 2. The relationship between natural 
frequency and static deflection, and per-cent 
insulation for various combinations of forced 
frequency and static deflection in an un- 
damped, single-degree-of-freedom system 


Curve A—Forced frequency versus static 
deflection for 93-per-cent insulation 
Curve B—Forced frequency versus static 
deflection for 81-per-cent insulation 
Curve C—Forced frequency versus static 
deflection for O-per-cent insulation 
Curve D—Natural frequency versus static 
deflection 
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t oo vibration, prevails only when 


/ fn) > V2. 
given by the following expression: 


er-cent insulation = 
ible transmissibility) x100 (4) 


3 The 0-, 81-, and 93-per-cent insulation 
. curves in Figure 2 are plots of arbitrarily 
‘selected solutions of equation 4. 
_ In the preceding section a system acted 
‘ “upon by a single external force and having 
only vertical motion was considered. 
mthe forces acting on, and the motions of, 
2 real system are considerably more 
complex. A rubber mounting, too, is a 
“more complex entity than a hypothetical 
“spring chosen for the first illustration. 
__ Imagine a device, such as a radio set, 
that must be mounted protectively in an 
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TRANSMISSIBILITY — 


ie) O5es0 15 20 
FREQUENCY RATIO (4/4) 


Figure 3. Values of transmissibility for 

various values of (f;/f,) in an undamped 

system (solid line); the effect of damping on 
transmissibility (dash line) 
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A—Diagrammatic representation of a mass 
mounted on springs 


B—Diagrammatic repre- 
sentation of a rubber 
spring 


Figure 4 
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transmissibility against ree : 
¢ ee is ete, in Pu. 3. a 


eicton or ee ction of 


The value of per-cent insulation is - 


drical 


airplane (a problem in category 2). 
Assume, for the sake of simplicity, that 
it is a rectangular mass whose center of 
gravity is located at its geometric center. 
Assume, too, that identical resilient 
mountings are installed under the set, 
one at each of the four base corners 
(Figure 4A). A unit mounted in this 
manner has six degrees of freedom, that 
is, six motions are possible at any instant: 
translational motion along each of three 
mutually orthogonal axes (for con- 
venience these axes can be labelled X, 
Y, and Z, and considered to have their 
origin (O), at the neutral position of the 
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Figure 5. A record of the translational dis- 
placement components of a rigidly mounted 
unit 


> SPRINGS 


S 
(8) 


Springs in parallel Springs in series 


Figure 6 


center of gravity of the mass), and rota- 
tional motion around each of these axes. 

The motions of a mounted unit of 
given mass and moments of inertia are 
dependent upon: 


1. Character of the excitation. 


2. Elastic constants and damping of the 
mountings. 


8. Location of the mountings. 


In general, the vibratory forces at any 
location in a structure occur in several 
directions at -different frequencies and 
with different amplitudes. These forces 
are both translatory and rotary in nature. 
The curves shown in Figure 5 are illus- 
trative. They represent the transla- 
tional-displacement components (simul- 
taneously measured along three axes) 
of a rigidly mounted unit. (Displace- 
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Figure 8 (right). Cylin- 
mounting 
closed in safety cup 


ments and accelerations rather than forces 
ordinarily are measured.) The data were Bc: 
taken from the study of a particular 
It is to be noted that the 
vertical amplitude is considerably greater | 
than either the athwartship or fore and 
aft amplitudes and that the fore and aft — 
frequency differs considerably from the — 


problem. 


vertical and athwartship frequencies. 
A similar record (not shown) of the rota- 


tional displacements was made in this— 


study. 


a great deal to do with determining the 
nature of the vibratory forces at any 
particular location. The principal fre- 
quencies usually are related, simply, to 
those of rotating or reciprocating mecha- 
nisms installed elsewhere in the structure. 
The amplitudes of, and the directions in 
which the vibratory forces occur are, in 
the general case, not in accordance with 
any simple relationship and are not 
readily predictable. 

Attention now will be given to the 
elastic properties of rubber mountings. 
A rubber mounting (Figure 4B) can be 
considered to have three mutually orthog- 
onal elastic axes, x, y, and gz, the origin 
located at the neutral position of the peint 
of application of the load. In the general 
case, the rectilinear elastic constants, or 
spring rates, along these axes are unequal. 
(The torsional constants around them, 
ordinarily neglected, are also unequal.) 
The relationship among the constants is 
dependent primarily upon the design of 
the mounting. 

Since the elastic constants differ, the 
deflections corresponding to a given load 
applied successively along each axis will 
differ. A rubber mounting, therefore, 
for any given loading has three different, 
rectilinear, natural frequencies, one along 
each axes. 

In a normal installation the load on a 
mounting is applied in the direction of 
one axis; the x axis, for example. The 
natural or resonant frequency in this 
direction can be calculated from the 
observed deflection. The coexistent res- 
onant frequencies in each of the other 
directions can be computed by substitut- 
ing for d in equation 1 the amount the 
mounting would deflect if the load, 
actually applied along the « axis, were 
applied successively along the y and zg 
axes, 

It is perhaps well to point out that if 
springs are combined in parallel (Figure 
6A), or in series (Figure 6B), the com- 
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The characteristics of a structure aes : 


a, 


an 


bined or over-all spring constants of the — 


combinations are as follows: 
In a parallel system 


K=kithtkst+...Rn 
Ina series system 


1 


a 2 a : — ar es 
Boks: Reo ee en 
K =over-all spring constant 


ki, ko, ks,...Rn=spring constants of the 
individual springs 


The deflections, hence the natural 
frequencies, of such combinations are 
functions of the over-all constant. 


Figure 9. Safety channel mounting 


Figure 10. Heavy-duty three-angle mounting 


In any rubber-suspension vibration 
system there is a damping force which 
originates in the mountings and acts on 
the mass. The effect of this damping 
force is to prevent the build-up of large 
forces and amplitudes at or near resonance 
and to decrease the efficiency of mount- 
ings at frequency ratios greater than ~/2. 
Damping rounds off the peak of the trans- 
missibility curve and moves it everywhere 
closer to the value one (Figure 3). The 
amount of damping, therefore, must be a 
compromise between the good low-fre- 
quency effects and the poor high-fre- 
quency effects. It is desirable ordinarily 
to have the minimum damping that 
satisfactorily will limit resonant vibration, 
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It must be remembered that the 


rapidity with which a mechanism is 


brought through resonances as its speed 
is changed has an influence on the amount 
of build-up. Restricting the operation 
at or near resonances to a short-duration 
transient obviously is recommended. 

Several representative rubber mount- 
ings are shown in Figures 7 through 13. 
It will be observed that, to facilitate its 
application as an elastic support, rubber 
generally is adhered to metal. The 
mounting in Figure 7 is the simplest 
type; a cylinder of rubber with studs 
adhered. to the ends. It can support 
a load in either compression, that is, 
normal to its ends, or in shear, parallel 
totheend planes. This type of mounting 
has relatively low spring rates in all di- 
rections parallel to the end planes. Figure 
8 illustrates a refinement of this type 
incorporating a safety cup; it is de- 
signed to support a load in compression. 
It is well in most cases to arrange the 
rubber supports so that in case of com- 
plete failure of the rubber, due to accident 
or fire, the mounted unit still will be 
supported by some sort of interlocking 
metal device. Figures 9 and 10 are, 
respectively, illustrations of channel, 
and three-angle-type mountings. These 
mountings have relatively low spring 
constants along their longitudinal and 
vertical axes. In either mounting, the 
longitudinal and vertical spring rates are 
equal. An unusual disk-type mounting 
which has low and substantially equal 
spring rates along all three elastic axes is 
shown in Figure 11. A special-purpose 
variant of this design is the meter mount- 
ing shown in Figure 12. Figure 13 
illustrates a nonadhered, 
disk mounting suited for relatively. high 
frequencies. 

Since, as was stated, the translational 
vibratory forces in a structure may occur 
in several directions and at different 
frequencies, it is expedient: 


1. To use mountings which provide the 
greatest deflections commensurate with 
stability. 

2. To install mountings whose highest 
natural frequency is sufficiently far below 
the lowest expected impressed frequency, to 
ensure adequate insulation in all directions. 


8. To install the ‘‘softest’’ axis or axes of 
the mountings parallel to the direction or 
plane in which the greatest disturbance 
occurs. 


In a given excited system, the elastic 
constants of the springs, together with 
their disposition with respect to the 
neutral position of the center of gravity 
of the mounted unit and the moments 
of inertia of the unit, determine the fre- 
quencies at which rotational, or rocking, 
resonances occur. The distances of the 
mounts from the axes of the unit are the 
arms of the moments tending to produce 
angular motion about them. The mo- 
ments of inertia of the unit express, of 


Connon— Vibration Insulation 


corrugated- - 


course, the “rotational Bo of 


mass. : 


_ The calculation of the Treaennies at. 


which rocking resonances occur will not | 
Suffice it 


be dealt with in this paper. 
to say that in most practical systems: 


rotational resonances occur are in the 


neighborhood of the translational reso- | 
nances. Bi 
c 


2. In general, their presence tends to ex- 
tend the range of frequencies over which 


transmissibility exceeds a value of one. 


The accelerations arising from them can be 
as destructive as those related to transla-_ 
tional resonances. Hence, their insulation — 
or prevention is desirable. : 


8. If rotary excitation is negligible, the | 
rocking modes ordinarily can be prevented | 
by means of a symmetrical center-of-gravity | 


Figure 11. Disk mounting 


i 
. 
| 


“1. The frequencies at which the three 


os 


suspension, that is, one in which the mount-_ 


# 
t 
{ 


Figure 12. Meter or instrument mounting | 


ings are so chosen and so located in a plane 
passing through the center of gravity of 
the mounted unit that the sum of the 
moments about the center of gravity, 
around the X, Y, and Z axes, equals zero. 
In such a system, translational excitation 
does not cause angular motion, and vice 
versa. A center-of-gravity suspension 
possesses, too, stability advantages. 


4. In a noncenter-of-gravity suspension, 
rotary excitation is not a necessary condi- | 
tion for rocking. 


| 
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. 


nation of Figures 14, 


: used under the unit (Figure 1S) 


Pocking resonances occur can be achieved 
through the use of mountings having sub- 
‘stantially lower elastic constants along 
horizontal axes. 


_ An indication of the effects some of the 


factors just discussed can have on a 


15, 
‘transmissibility curves in these figures 


‘were plotted from shake-table data. It 
can be seen that superior insulation was 


achieved in the case in which mountings 
having relatively-lower natural fre- 
‘quencies in the horizontal directions were 
Even 
‘more marked improvement in insulation 


= was obtained when these same mountings 


af were placed in a plane through the center 
of gravity of the unit (Figure 16). 


E 


ork 


ef 


“ 
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It may be concluded that the best 
- method of vibration mounting any type 
of unit is a center of gravity suspension 
‘on mountings, of suitable capacity, hav- 


_ ing equal and low natural frequencies 


pe clons all three elastic axes. 


"Structural Rubber 


g gz The word “rubber” when used in this 
_ section refers to natural rubber, 

_ The following information is primarily 
- qualitative rather than quantitative. It 
is presented with the belief that famili- 
arity, in a general way, with the proper- 


_ engineer concerned with the use of rubber — 


ties of rubber compounds is helpful to the 


mountings. 
Rubber, when used as mechanical build- 


_ing material to support a load, is known as 


structural rubber. 


"ways: 


In this capacity it 
can be stressed in the following five 
shear, compression, tension, tor- 


sion, and flexure. 


It is to be noted that rubber, like water, 


is practically incompressible (Figure 17). 


It is said to be stressed in compression 


_.when supporting a load which tends to 
squeeze it. 


Most vibration mountings are de- 


_ signed to be loaded in either compression 


or shear, Tension is not employed ex- 


-tensively, because a slight tear or cut in 


rubber stressed in tension can produce 
rapid failure. Torsion may be con- 
sidered a special case of shear. Flexure 
can involve compression, shear, and 
tension. 

The stress-strain relationships for a 
rubber compound are given by the shear 
(Table I), compression, and tension 
moduli. These moduli are not, strictly, 
constants. Because of this fact, and 
because of other properties of rubber to 
be described, calculations in accordance 


with the theoretical formulas given in 


the first part of this paper will be slightly 
in error when rubber is the spring ma- 
terial under consideration. 

It is well to discuss ‘‘durometer’’ and 
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t, diminution of the range over which _ 


Cup mounting 


Figure 13. 
a 


its significance with respect to modulus. 
The durometer values of compounds of 
the type used in mountings range nor- 
mally between 30 and 70. These values 
are ascertained by means of the Shore 
durometer (type A), an instrument which 
measures the hardness of a rubber surface 
in terms of the indentation produced in 
the surface by a small, flat-tipped, taper- 
ing needle subjected to a practically con- 
stant indenting force. The arbitrary scale 
of this instrument runs with increasing 
hardness from 0 to 100. The relation- 
ship connecting durometer hardness with 
modulus is at best only approximate. 
Although useful for roughly determining 
the modulus of a stock, durometer is 
strictly a measure of only local surface 
hardness. The moduli of a stock provide 
the more accurate statement of its load 
carrying, or structural characteristics. 
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Figure 14. Shake-table performance of a 

unit mounted on rubber springs installed 

underneath the unit; the ratio of the horizontal 

elastic constants to the vertical was approxi- 
mately 2:1 
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The shear Waeerae of rubber is” in- ae, 


versely proportional to the shear modulus. 
The compression deflection is a function 


of shape, expressed by area ratio, as well 


as of the compression modulus. The area 


ratio of a slab of rubber is the ratio of the © 


load-bearing area to the area free to bulge. 
Slabs having high (2.50) area ratios de- 
flect a smaller percentage of their thick- 
ness than slabs of the same compound 
having low (0.25) area ratios. 

The moduli of rubber compounds vary 
small amounts with temperature and 
with the amplitude and frequency of 
impressed vibration as well as with the 
static strain to which the rubber is sub- 
jected. 

At low temperatures rubber stocks 
stiffen. For a given compound the 
temporary changes in moduli due to 
chilling depend upon the chill tempera- 
ture, the duration of the chill, and the 
strain during the chill. The temperature 
at which the moduli increase rather sud- 


denly is generally between —40 degrees - 
Fahrenheit and —60 degrees Fahrenheit, 


depending upon the compound. 

At temperatures above 170 degrees 
Fahrenheit ordinary structural rubber 
compounds begin to soften. The effect 
of heat aging becomes pronounced and, 
under strain, rubber acquires a_per- 
manent set or deformation. 

The static moduli decrease with in- 
creased strain, 
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FREQUENCY (CYCLES PER SECOND) 


Figure 15. Shake-table performance of a 

unit mounted on rubber springs installed 

underneath the unit; the ratio of the horizontal 

elastic constants to the vertical was approxi- 
mately 1;1 
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The moduli of rubber are greater for 
vibratory stress than for static (0 fre- 
quency stress). It is interesting to note 
that for mountings operating at low 
temperatures, the stiffness, and conse- 
quently the natural frequency, will be 
greater than that indicated by the in- 
creased static moduli alone, for the 
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Figure 16. Shake-table performance of a 
unit mounted on rubber springs installed in 
a horizontal plane passing through the center 
of gravity; the ratio of the horizontal elastic 


constants to the vertical was approximately 1:1 
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Figure 17. Volume change of 30 to 80 du- 
rometer stocks, hydrostatic pressure (curve for 
water from International Critical Tables) 


dynamic ~ li 
temperature chan: 

For exact predict f the 
frequency of a rubber mounting unde 
load, the value calculated from the static 
deflection in equation 1 has to be ad- 


justed. The frequency-factor curves in 


Figure 18 show the factor by which the 
calculated natural frequency should be 
multiplied in order to obtain the actual 
natural frequency. In most calculations 
this refinement can be neglected, par- 
ticularly when dealing with the softer 
rubbers. 

- Damping is usually expressed as the 
ratio of the actual damping force, C, to 
the critical damping force C,. The 
critical damping force is that force 
which is jist sufficient to prevent oscilla- 
tory motion of a particular system when 
disturbed. The values of the ratio C/C, 
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Figure 18. Curves show factor by which 
calculated resonance frequency must be 
multiplied to determine actual resonance 
frequency (Permacell is a structural, cellular 


rubber) 


Table |. Physical Properties of Six Standard Structural Rubbers 


Temperature of Rubber, 70 Degrees Fahrenheit 


<<< —=—== 


Structural Rubber Number 


5709 5133 5638 5255 5691 5623 
Shear modulus, pounds per square inch.............++.++- 50... 7O5...0 (Oba 140k 05) 295 
*Logarithmic decrement of amplitude (referred to base 10)..0.041...0.055...0.14...0.23...0.35...0.47 
*Successive amplitude ratio. .........- sees eee eee eee 0.91... 0.88...0.72...0.59;,..0.45...0.34 
Per-cent energy loss due to hysteresis, per cycle of vibration. ae 22.55. 4355 09 O65. E60 e839 
Specific: Heaters + ocieolsvo atotestaicleln ena syaleyatelaptadeimre.0 ol= lene ie 0.47... 0.43...0.40...0.38...0.35...0.33 
Thermal conductivity in Btu, per square foot per hour 
for a temperature gradient of one degree Fahrenheit per 
inch' thickness nace suse. oisiele oieeeaiis ovelaks ciicialcgaetekre oe 0:97.35 104.75, 1, 08k. elie 2Oneednas 
Velocity of sound in rubber rods, feet per second.......... 115 165... 210... $45, 5.5759 


* The logarithmic decrement given here represents the negative of the power to which 10 must be raised in 
order to obtain the ratio of any two consecutive amplitudes (on the same side of zero deflection) as unexcited 


vibration dies out. 
1 


1 
receding one is 10 %?= —_=—_— 
P . 1.585 


10%2 


For instance, if the logarithmic decrement is 0.2, the ratio of one amplitude to the 


= 0.631 =successive amplitude ratio. 


(Ordinarily logarithmic decrement is referred to Napierian log base e and, if such values are required, they 


would be 2.30 times the values given here.) 
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AT RESONANCE 


that shown in Figure. 19. The 
within the loop represents energy tran 
formed into heat; “absorbed” by 
mounting. This quantity is known as the 
hysteresis loss. Since rubber is a poor 
conductor of heat, its temperature will 
rise when it is excessively, repeatedly, anc 
rapidly deformed. : rae’ Sy: 

Because of hysteresis, the amplitud 
of vibration of a system set into fre 
vibration will become less with eacl r 
successive oscillation. It has been found 
that each successive amplitude, measured 
on the same side of the equilibrium posi- 
tion, will be less than the former by a 
factor which is approximately constant 
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The quantity x is called the logarithmic 
decrement of amplitude. Values for 
logarithmic decrement, successive-ampli- 
tude ratio, and per-cent energy loss due 
to hysteresis are given in Table I for 
rubber at 70 degrees Fahrenheit. These 
quantities decrease at higher tempera- 
tures. ; 

When rubber is under load, there is a 
gradual increase in deflection which is 
referred to as drift. If the load is re- 
moved it is found that it has caused a 
permanent change in the unstressed 
dimensions of the rubber which is re- 
ferred to as permanent set. Drift in-, 
creases rapidly for a short time (a matter’ 
of hours) after the load is first applied 
and then the curve levels off to prac- 
tically a horizontal line. The drift of 
rubber supporting a vibrating load will 
be greater than that for the same com- 
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Figure 19. Hysteresis loop for a typical 


rubber compound | 
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ELECTROLYTIC CORROSION is 
recognized universally as a major 
roblem in the maintenance of under- 
ground metallic structures. This is par- 
ularly true in the case of underground 
able and piping systems. The subject 
is of a primary interest to cable- and pipe- 


study and research is being devoted to 
electrolytic corrosion by utility engineers 
4 throughout the country. 

_ The following is a summary of the 
principles and methods which are the out- 
. growth of long experience with the miti- 
_ gation of electrolysis and corrosion on the 
power-system cables of the Consolidated 
_ Edison Company of New York, Inc. 
This system comprises approximately 
~ 22,000 miles of underground lead-covered 
cable operating under a wide variety of 
soil and duct conditions. Although sys- 
tem experience include both the cable 
_and the gas-piping systems, this paper will 
_ deal more particularly with the conditions 
_ affecting the cable system. 

_ Practically all of the essential factors 
involved in present-day problems of elec- 
_trolysis and corrosion were recognized in 


_ Paper 45-59, recommended by the AIEE com- 
‘ mittee on power transmission and distribution for 

_ presentation at the AIEE winter technical meeting, 

New York, N. Y., January 22-26, 1945. Manu- 
_ script submitted Movenber 20, 1944; made avail- 
_ able for printing January 4, 1945. 


~L. J. GorMAN is assistant engineer in the electrical 
_ engineering department, Consolidated Edison Com- 
pany of New York, Inc., New York, N. Y. 


' The author thanks F. E. Kulman, H. F. Koester, 
and H. C. Wilner for their valuable assistance in 
conducting the tests and compiling the data used 
_in this paper and acknowledges the work done on 

the duct surveys by H. P. Simonson, who has since 

died in the war at sea. 
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the early work on this subject, and pre- 
sented in the 1921 ‘‘Report of the Ameri- 
can Committee on Electrolysis” and in 
other publications of that period.1.2 In 
this earlier work emphasis was placed on 
electrolysis caused by stray electric cur- 
rents, and little attention was given to the 
other factors influencing corrosion. Dur- 
ing the past 15 or 20 years, the importance 
of these other factors, notably the influ- 
ence of various galvanic or electrolytic 
cells which originate on the metal surface 
or in its environment, has been more 
clearly realized. Furthermore, a great 
deal has been added to our knowledge of 
the various corrosion processes and their 
control. Consequently, there has been a 
considerable change in point of view with 
respect to electrolysis, particularly in the 
evaluation of the various factors involved. 
This has led to important changes in the 
procedures for electrolysis testing and in 
the methods used for the mitigation of 
corrosion. 


Electrolytic Corrosion 


It is well established that the corrosion 
of metal in the presence of moisture occurs 
extensively through electrochemical reac- 
tions which are essentially electrolytic 
processes occurring in various forms of 
the electrolytic cell. These processes are 
recognized as an important cause of wide- 
spread corrosion on underground struc- 
tures and as constituting, in many in- 
stances, more serious problems than stray 
electric current or other forms of corro- 
sion. The electrolytic-cell-corrosion proc- 
esses should be distinguished from stray- 


“pound supporting a static load at the same 
temperature. Drift is greater for severe 
vibration than for mild vibration; it is 
greater at high temperatures than at low. 

The failure of a rubber mounting, in 
time, partly is due to the fact that the 
rubber member is under load during 
service and partly is due to the fact that 
itis fatigued by vibration. The dynamic- 
fatigue life of a rubber part, defined as 

‘the total number of repeated cycles of 
vibration required to rupture it, is de- 
pendent on the initial strain, the ampli- 
tude of vibration, the temperature of the 
rubber, the ingredients and state of cure 
of the rubber, and external destructive 
variables such as sunlight, ozone, and oil. 

Since, at the present time, synthetic- 
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rubber compounds must be substituted for 
natural-rubber compounds in some 
mounting applications, their structural 
properties are being explored intensively. 
To date they have not exhibited the versa- 
tility of natural-rubber compounds as 
structural materials. 
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current electrolysis where the source of | ee 
_ current is external to the system. In the 


electrolytic cell the corroding current re- _ 


ree ae » 


i 
oa 


sults from electrochemical reactions at the _ in 
surface of the metal or in its immediate — #3 


environment and is frequently referred to — 


as galvanic corrosion. Like stray cur- es 
rent, the electrolytic-cell processes involve = 
the flow of electric current through an 


= 


oo 


electrolyte and may be treated under the 
general subject of electrolysis. a 
The electrochemical theory of corrosion 
has been covered in detailin the numerous 
publications on that subject.§45.67 Itis © 
desired, however, to call attention to cer- 
tain of the factors which relate more par- 4 


ticularly to electrolytic corrosion of under- 


ground cable systems and which appear 


to have the most influence on the corro- 


sion problems affecting the system under 
consideration. 


GALVANIC POTENTIAL AND CURRENT 


‘In general the rate of corrosion in an 
electrolytic process depends on the mag- 


nitude of the current and the electro- 


chemical equivalent of the metal. With 
the current densities and other conditions 
usually found in practice the rate of corro- 
sion of metal may be calculated approxi- 
mately by Faraday’s law. The voltage 
has no effect on the corrosion except inso- 
far as it determines the current strength. 
There is no minimum voltage below which 
electrolysis does not occur. Corrosion by 
electrolysis usually is localized and results 
in the characteristic pitting observed in 
the electrolysis of lead-cable sheath or 
iron pipe. The pitting is characteristic 
of both stray-current electrolysis and the 
electrolytic-cell type of corrosion, and the 
type of action cannot be distinguished by 
the appearance of the metallic surface. 

The potential and current involved in 
the corrosion process may originate ex- 
ternally as in the stray-current electroly- 
sis, or they may originate within an elec- 
trolytic cell. In the latter case, the cell 
potential is the algebraic sum of the volt- 
ages due to the electrode potentials which 
result from the relative anode and cathode 
reactions of the metal electrodes in the 
particular solution constituting the elec- 
trolyte. 

The standard electrode potentials for 
the various metals are given in the well- 
known electrochemical series. The order 
of nobility in which the metals appear 
in the series and their values of potential 
are determined in standard solutions and 
under standard conditions which are not 
usually obtainable in practice. Elec- 
trode potentials vary considerably in soil 
water and frequently the order of nobility 
is reversed. This is particularly true of 
metals which are near together. in the 
series. For this reason, the standard 
electromotive-force series is not directly 
applicable to the corrosion of metals in 
contact with soil moisture. The elec- 
trode potentials of various metals in sea 
water have been determined.’ 
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The potential of an electrolytic cell | 


occurring on the surface of a metal in con- 


tact with an electrolyte will vary, depend- . 


ing on the condition of the surface, im- 
purities, mechanical strains, and so forth 
which result in the formation of local 
cells. If uniformly distributed and 
closely associated, these cells tend to 
neutralize each other. Furthermore, the 
potential of a given metal will vary in 
_ different solutions or with different ion 
concentrations in the same solution. 
Galvanic potentials also may be produced 
by differential aeration, that is, by varia- 
tions in the supply of oxygen to adjacent 
parts of the same metal surface. This 
type of cell may occur, for example, in a 
cable duct where the degree of aeration 
varies from point to point in the duct be- 
cause of the accumulation of mud or sedi- 
ment, or in a congested cable system 
where the supply of air to the cables in the 
bottom ducts is more or less restricted. 
Under these conditions the metal surfaces 
to which the oxygen supply is restricted 


will be anodic to the surfaces that are bet- ~ 


ter aerated. Dissimilar metals and dis- 
similar soils are included as important 
sources of galvanic potential. 

The potentials resulting from such 
causes as differential aeration, concentra- 
tion cells, mechanical injuries, and so 
forth are local in character and usually 
small, ranging from a few hundredths of a 
volt to 0.1 volt or 0.2 volt in severe cases. 
These potentials do not cause serious 
corrosion under favorable duct conditions. 
However, severe corrosion has been ex- 
perienced in ducts where the resistance to 
the corroding current islow. These local 
cells may be expected in any duct. Their 
activity will depend on the duct condi- 
tions. 

The potentials caused by variations in 
the soil external to the duct bank may be 
considerable, depending on the relative 
characteristics of the soils concerned. 
For example, anodic potentials amounting 
to from 0.8 to 1.0 volt have been obtained 
between the cable sheath and the duct 
wall, where the duct bank passed through 
cinder-filled soil. These potentials may 
be local or extend over a considerable sec- 
tion of the duct bank and may cause 
severe corrosion in ducts where, other- 
wise, the conditions are favorable. It is 
important to distinguish between the 
purely local type of cell and the type of 
cell resulting from differences in the 
characteristics of relatively large masses 
of soil in which ducts are laid. 

Electrolytic cells of the dissimilar- 
metal type frequently occur between the 
cable sheath and copper bond wires or 
bronze splice filling nipples, phase tags, 
and so forth. Serious local corrosion of 
the lead ‘sheath may occur where cables 
with these attachments are exposed to 
manhole water, or where the sheath and 
attachments are in contact with wet 
cement or other covering used to protect 
the cables. Severe cases of galvanic 
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corrosion have been experience: 


1 W' 


filled manholes between the lead sheath 


and zinc-coated oil reservoirs and galva- 
nized manhole hardware. “The zinc is 
anodic to lead, and, when immersed in 
water with a large quantity of lead, the 
‘galvanic action removes the zinc, thus 
exposing the iron to natural corrosion. 
Numerous cases of galvanic corrosion of 
lead have been experienced in iron ducts 
because of galvanic potentials between 
the lead and rusted iron. In severe 
cases, potentials amounting to 0.4 volt 
have been measured between lead and 
iron rust to which the lead is anodic under 
the conditions usually found on the sys- 
tem. 


CONTROLLING FACTORS 


In a corrosion cell of given open circuit, 
or static voltage, the current flow will 
depend upon a multitude of factors, such 
as polarization, relative anode and cath- 


’ ode areas, circuit resistance, film forma- 
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Figure 1.. Method and equipment for survey- 
ing cable ducts 


tion, passivity, hydrogén overvoltage, 
hydrogen-ion concentration (pH), oxida- 
tion, and other chemical reactions in the 
electrolyte. Some of the factors tend to 
retard the corrosion process and others 
tend to increase the corrosion cell 
activity. 

Of the several factors mentioned the 
most important in the control of under- 
ground corrosion appear to be polariza- 
tion, hydrogen-ion concentration, circuit 
resistance and the relative anode and 
cathode areas. The rate of corrosion 
under most soil conditions appears-to be 
controlled chiefly by the resistivity of the 
environment in contact with the cable 
and the rate at which hydrogen is de- 
polarized or otherwise removed from the 
cathode areas. 

Polarization is a general term used to 
group the various factors which influence 
the potential of the electrolytic cell with 
the passage of current. Polarization may 
include such factors as the effects of ion 
concentration at the electrodes, resistance 
changes resulting from the electrolytic 
processes, and certain electrode effects 
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acter 0: 
occurs, in 
anode and th 
most pronounced at tl 
cathode polarization 1 
corrosion process is $ 
trolled, and, when anode polarization 
predominant, the process is anode con-— 
trolled. Hydrogen depolarization is — 
effected by its combination with oxygen, | 
or the hydrogen may be removed as a gas. a 
Any agency tending to increase the oxy- _ 
gen available for depolarization will ac- — 
celerate anode corrosion. Agitation of — 
the electrolyte tends to increase the sup- 
ply of depolarizing oxygen as well as aids _ 
in the removal of hydrogen gas bubbles. 
The resistivity of the environment in 
immediate contact with the cable or pipe | 
seems to be the principal factor in con- — 
trolling cable-sheath and pipe corrosion. _ 
In the case of cable occupying ducts, the — 
resistivity of the duct walls and any , 
water or sediment contained in the duct 
will determine to a very large extent the _ 
amount of corrosion experienced on lead- . 
covered cables. In practice, the contact | 
resistance between the cable and its duct 
wall and through the duct wall may vary 
between wide limits in a single duct sec- _ 
tion, and the severity of the corrosion _ 
will be most pronounced at points of low 
resistance. In most cases a_ direct 
correlation has been found between this 
resistance and cable-sheath corrosion. 
’The influence of duct resistance will be 
discussed further in another section of this _ 
paper. : 
In the usual case of cable-sheath corro- 
sion, the major component of the resist- 
ance exists at the surface of the sheath, 
and any film formation that will increase 
this surface resistance is an important _ 
factor in controlling the corroding cur-_ 
rent. The use of certain chemical in- © 
hibitors, ‘such as silicates, phosphates, — 
chromates, and so forth, in the formation 
of protective films on lead sheath has been 
discussed by Radley and Richards’ and 
other investigators. The protective effect 
of chemical inhibitors artificially applied 
to cable sheaths and ducts has not been 
investigated on the system of the Con- 
solidated Edison Company. However, 
in the usual type of soil and duct water 
found on the system the natural forma- 
tion of films does not appear to have any 
important influence on corrosion. 

Wesley’ has shown that the relative 
anode and cathode areas have an impor- 
tant influence on cathode polarization. 
If the cathode area be relatively large, the 
hydrogen polarization will be correspond- 
ingly weak, and anode corrosion will occur 
at a higher rate than under conditions 
where the cathode area is equal to or less 
than the anode area. This factor is of — 
particular importance in selecting metals — 
to be used together in sea water or soil. 
For example, in the selection of bolts or 
rivets the metal should be slightly ca-_ 
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they are attached. seers the epider 


_ used in cable splices should have as nearly 


as possible the same electrode potential 
as the lead sheath. The relative area 
effects are most pronounced where at- 


tempts are made to protect the cable 


sheath against dissimilar-metal corrosion 
_ by coating the sheath. Any imperfec- 
tions in the coating will restrict the area 
of lead exposed and concentrate the 
corrosion. Furthermore, cement or other 
coatings used to arcproof cables appear to 
limit the relative area effect and to con- 
centrate galvanic corrosion of the lead 
near the point of contact with the cathode 
metal. 

A considerable amount of cable-sheath 
corrosion has been associated with alka- 
line soil and duct water. In most cases, 
the alkalinity is due to the presence of 
green concrete and frequently occurs in 
poorly drained ducts in which the ac- 
cumulated duct water is evaporated 
slowly by the heat of the cables. This 


_ produces a concentration of the alkaline 


salts dissolved from the duct walls and 
surrounding soil, and pH values amount- 
ing to 11 or 12 have been obtained in se- 
vere cases. The action on the cable sheath 
appears to be chiefly chemical, producing 
_ the red or brown oxides of lead. In the 
usual case the action is aided by small 
positive potentials acting through a low- 
resistance electrolyte. In such cases the 
duct conditions can be improved by 
flushing the duct with fresh water. In 
manholes, the alkaline attack occurs most 
frequently under the cement ar¢proofing 
on the cables and splices where the pro- 
tection used under the arcproofing is in- 
adequate. 

In further reference to hydrogen-ion 
concentration (pH). laboratory experi- 
ments indicate that soils having relatively 
high pH values are anodic to soils of 
lower pH and that cable passing from one 
type of soil to the other will tend to dis- 
charge current into the more alkaline soil. 
The potential differences appear to be ap- 
proximately 0.06 volt for a difference of 
one in pH value, and the variation with 
pH seems to be a straight line function. 
These laboratory tests have been con- 
firmed largely by field observations in 
which cables passing from a neutral or 
slightly acid soil into an alkaline soil have 
been found to be slightly negative with 
respect to the duct wall in the neutral or 
acid soil and definitely positive in the 
alkaline soil. 


Stray-Current Electrolysis 


The principles underlying stray-current 
electrolysis are too well known to require 
a further explanation at this time. The 
stray-current problem is mentioned, how- 
ever, to call attention to the status of 
stray current as a factor in cable-sheath 
corrosion. 

In Greater New York electrolysis from 
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stray raatay current has been reduced to 


minor proportions through the co-opera- 
tive efforts of the several electric transit 
systems and the cable- and pipe-operating 
utilities concerned. However, the prob- 
lem still exists, potentially, and to avoid 
serious consequences its control must be 
exercised through the continued supervi- 
sion, and maintenance of the various 
measures that have been installed for 
electrolysis mitigation. On the Con- 
solidated Edison system this control is 
obtained through approximately 120 
drainage connections to the railway nega- 
tive returns at various locations through- 
out the area. 

In certain parts of the territory the 
trolley service virtually has been discon- 
tinued, and many of the elevated-railway 


_ structures have been removed. The out- 


standing effect has been the removal of 
cathodic protection in sections where the 
rails and structures normally were posi- 
tive with respect to the cable and piping 
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Figure 2. Cumulative percentage curves 
showing the results of duct-resistance surveys 


A—Plotted from 9,500 tests at random loca- 
tions on the system 
B—Duct resistance associated with 
corrosion 


sheath 


systems. In consequence, the electro- 
lytic-cell type of corrosion has appeared 
in many localities formerly protected 
through cathodic action by the railway 
structures. Moreover the removal of the 
elevated- and street-railway structures 
has upset, to a considerable extent, the 
balance that formerly existed and has 
necessitated a major readjustment in 
many of the drainage connections and 
other measures used for protection in the 
anodic areas. 

Cathodic corrosion has not been serious 


_on the power-cable system in this terri- 


tory. However, this type of corrosion is 
a matter of constant concern, and nega- 
tive potentials are limited as much as 
possible, particularly in areas where the 
decomposition of sodium chloride or other 
salt and the deposition of their hydroxides 
on the cable sheath is likely to occur. 
Two or three severe cases of this type of 
corrosion have been experienced. 

To date, there have been no cases of 
corrosion that could be identified with a-c 
electrolysis, although there are a number 
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of single-conductor cross-bonded feeders 


operating on the systemswitheight-to ten- 


volts alternating current from sheath to 


ground and 12 to 15 volts between sheaths 
In some instances, the 
cables occupy ducts considered unfavor- | 
able, and some corrosion has been experi- 
enced. However, in all cases, this corro- 
sion could be accounted for by small direct 
potentials or other duct conditions. : 


Electrolysis Surveys and Tests - 


The protection of the cable system de- 
pends primarily on the adequate super- 
vision and control of all the factors in- 
volved and the maintenance of the meas- 
ures adopted for the mitigation of elec- 
trolysis and corrosion. This supervision 
and maintenance is accomplished through © 
systematically planned electrolysis sur- 
veys and tests which can be conveniently 
divided into three general classifications, 
namely, : 


1. Maintenance tests. 
2. General surveys. 
3. Special investigations. 


Maintenance Tests. They are scheduled 
on a periodic basis to cover the inspection 
ofexisting installations for electrolysis pro- 
tection and to check periodically the 
electrolysis conditions existing on the 
system. The installations include drain- 
age connections, insulating joints, 
thodic protection installations, and any 
other measures installed for electrolysis 
protection on either the cable or piping 
system. Usually maintenance tests are 
scheduled on an annual basis. Some in- 
stallations such as those involving drain- 
age switches, rectifiers, and other special 
equipment are inspected more frequently. 
In other cases where the conditions are 
well stabilized an inspection every two or | 
three years is sufficient. 


General Electrolysis Surveys. Made 
for the purpose of locating corrosion areas 
and obtaining general information on elec- 
trolysis conditions affecting the system, 
the general surveys may be supple- 
mented by special tests to determine the 
protective measures to be installed in 
areas subject to electrolysis and corro- 
sion. The general surveys are planned to - 
cover systematically the various parts 
into which the system is divided for the 
purpose of survey. Consideration is 
given in particular to the localities in 
which changes in the electrolysis condi- 
tions are likely as the result of changes in 
the electric transit lines or important 
modifications in the cable system. 


Special Tests. Made in situations 
which require a more or less extended in- 
vestigation, frequently they involve 
the underground structures of other com- 
panies and may be initiated by either 
company depending on what structures 
are involved. The special work in- 
cludes the investigation of the conditions 
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incidental to corrosion eats and the 


surveys and tests made in connection 
with important new cable installations. 


Test MetuHops: THE Duct SURVEY 


The test methods employed for stray-. 


current-electrolysis surveys have been 
fairly well standardized, and the test pro- 
cedures are described in detail in the 
various publications on that subject.'? 
In situations involving only stray cur- 
‘rents, these procedures continue to give 
satisfactory results. However, the usual 
-stray-current-electrolysis tests do not 
yield information on the local electro- 
-lytic-cell conditions existing between the 
test points because of the wide variations 
in the soil and duct conditions from 
point to point along the cable ducts. 
For this reason, other test methods are 
required for the electrolytic-cell types of 
corrosion. Considerable experimental 
work has been done to develop a test 
method that would yield test data that 
could be correlated with actual cable- 
sheath corrosion. This work has re- 
sulted in the present duct survey. 
_ During the past ten years or more, the 
duct survey has been used on the cable 
system to explore the electrolysis condi- 
tions existing in duct sections between 
manholes, and particularly to investigate 
the duct conditions incidental to corrosion 
failures. The duct survey also is used to 
advantage where it is desired to explore 
the electrolysis conditions in ducts prior 
to the installation of new cable. Fur- 
thermore, statistical studies of a sufficient 
number of duct-survey data, obtained in 
connection with actual cable failures, will 
yield information and criteria which can 
be used as a basis for estimating the 
severity of particular electrolysis situa- 
tions. 

The duct survey is made by pulling an 
electrode through a vacant duct which is 
adjacent to the ducts carrying cable. 
Instruments are connected between this 
electrode and the lead sheath of the adja- 
cent cables, and measurements of poten- 
tial, current, and resistance are made at 
frequent intervals (five to ten feet) 
throughout the duct. The arrangement 
and connections for the test are shown in 
Figure 1. The test electrode most 
generally used consists of a piece of cable 
12 inches long and 2.75 inches in diameter 
fitted with a pulling eye and test leads. A 
small galvanic potential may exist be- 
tween the cable sheath and the test elec- 
trode, although the material in both is 
the same. This difference, however, is 
small (0.01 volt or less) and does not 
affect seriously the results. The surface 
of the electrode should be maintained in 
good condition, and its electrode potential 
with respect to cable sheath should be 
checked periodically using manhole or 
duct water as the electrolyte. Various 
nonpolarizing and other special types of 
electrode have been investigated. How- 
ever, the most satisfactory results under 
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shown in Figure 1. 
voltmeter should be used to minimize the — 


the Sec be as ee e an ast 
as possible. : arte 
The potential existing pernedeny 


duct wall and the adjacent cable sheath is ~ accurat 


measured by the voltmeter connection 


errors due to electrode-contact resistance. 
Voltmeters having a resistance of 400,000 
ohms per volt or more are satisfactory for 
this purpose. Because of the high re- 
sistance of the voltmeter circuit, the 
potential of the test electrode will be sub- 
stantially that of the duct wall, and the 
‘measurements thus obtained give an 
approximation of the potential of the 
cable sheath with respect to the duct wall 
from point to point through the duct. 
The potential survey is supplemented by 
a time record of potential taken at a 
selected point in the duct to determine 
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Figure 3. Age of cable versus average cur- 
rent discharged through test electrode 


Data obtained in connection with corrosion 
failures 


the characteristic of the potential. A 24- 
hour recorder, having a resistance of 
10,000 ohms per volt, is used for this pur- 
pose. The characteristic of the record 
will indicate whether the condition is 
caused by an external source of potential, 
such as in stray-current electrolysis or by 
electric-cell conditions set up by varia- 
tions in the environment. 

To determine the magnitude and direc- 
tion of the current picked up from or dis- 
charged to the duct wall through the test 
electrode, a low resistance milliammeter is 
connected in place of the voltmeter. 
Since the resistance of the milliammeter 
circuit is relatively low, the potential of 


the test electrode will be substantially- 


that of the adjacent cables, and it may be 
assumed that the current discharge per 
foot of cable at the point of test is ap- 
proximately in the same order of magni- 
tude as that measured. This current, 
when flowing into the duct wall, will cause 
anodic corrosion, and it may, when flow- 
ing to the cable sheath, result in cathodic 
corrosion. 

In the measurement of potential or 
current at points within the duct it is im- 
portant to correct for the JR drop due to 
any stray current flowing on the cable 
sheaths. Where the cables are carrying 
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applied to the readings of 
current measured betw 


A high-resistance- for 


The appropriate correction th 


sheath and the test electrode. 
cases the [R drop between A pad 
be measured directly by a recording — 
jnillivoltmeter as shown in Figure 1. | 


The resistance between the test ie | 
trode as one terminal and the adjacent — 


cable as the other is measured at each . 


test point as a part of the survey. The 
measurement can be made conveniently 
by connecting a low- ‘voltage battery (1.5- 
volt dry cell) in series with a sensitive 
milliammeter between the cable sheath 
and the test electrode. 
computed from the battery voltage and 
the measured current. The milliammeter 
should have a sensitivity in the order of 
0.05 milliampere per division, and its re- 


The resistance is 


sistance’ should not exceed two or three ~ 


ohms. Suitable shunt resistances can be 
used to vary the range as required. The 
same instrument can be used for both the 
current and the resistance measurements. 
A reversing switch is required to reverse 
the potential on the test electrode to 
minimize any errors due to small d-c 
sheath potentials, polarization, or other 
effects. The battery current in this test 


is usually small and does not appreciably — 


influence the battery voltage. However, 
it is a good practice to check this voltage 
from time to time luring the progress of 
the survey, 

The resistance as measured in the fore- 
going is somewhat arbitrary and is mostly 
the contact resistance between the surface 
of the electrode in contact with the duct 
and the duct wall and represents, ap- 
proximately; the contact resistance per 
duct foot of cable. The area of contact 
will vary, depending on the duct condi- 
tions. In dry ducts the contact area 
will be small, whereas in ducts containing 
mud and water the contact may be an 
appreciable part of the total electrode 
area. The relation between contact area 


and resistance and its influence on the- 


interpretation of the test data is ex- 


plained in the following section. The 
resistance of the duct bank, the earth, and 
the contact resistance between the duct 
walls and the cable sheath in the occupied 
ducts also are included in the measure- 
ment. However, these resistances are 
relatively low compared with the elec- 
trode resistance’ and apparently do not 
appreciably influence the results. 

In new installations, where it is desired 
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t water pipe or other pipe or Tape 
can be used for a resistance: survey. 
_ However, in such cases, the potential and 
current measurements, if made, will have 
_ no very significant meaning. 

In any type of survey it must be real- 
ized that there are numerous points 
: throughout the cable duct where the cable 

sheath is subject to small local potentials 
due to such causes as differential aeration, 
concentration cells, and so forth. With 
the cable in place these potentials are in- 
~ accessible for measurement, and, if the 
_ cable be removed, the original conditions 

no longer exist. The potential of these 
local cells are usually small but in aggra- 
vated cases may be in the order of 0.1 to 
0.2 volt. In general, it may be assumed 
that these small local potentials exist, to 
a greater or less extent, in all ducts con- 
7 taining cable. Their effectiveness in 
| causing cable-sheath corrosion will de- 
pend upon the resistance of the environ- 
ment in immediate contact with the cable 
4 sheath and the polarizing effects due to 
the flow of current. This emphasizes the 
; importance of duct resistance and its in- 

_ fluence on cable-sheath corrosion. 


' ANALYsIS or Duct-SurvEY DATA 


An accurate evaluation of an electroly- 
_ sis condition can be obtained only 
_ through the proper analysis and inter- 
_. pretation of the test data. Readings of 


potential and current have no particular 


Saar it “When ama yD classified fod analveed, 


together with other similar data taken 
systematically over the system, they con- 
stitute the basis for statistical studies of the 
conditions existing on — system as a 
whole. 


For these reasons, the eytematic taking 
and recording of data by trained observ- 
ers in accordance with a well-developed 
plan is of first importance in making 
electrolysis surveys and in planning for 
over-all improvements on the system. 
The foregoing general principles have 
been applied to the analysis of the duct- 
survey data obtained over a period of 
years with a view to showing the relation- 
ship between the data and actual cable- 


sheath corrosion. The results of the 


duct-resistance surveys made uniformly 
over the system are given in Figure 2. 
Curve A shows the duct resistance 
plotted on a cumulative percentage basis 
for approximately 9,500 duct-resistance 
tests made at random but well-distributed 
points on the system. This curve shows, 
for example, that in 65 per cent of the 
tests the duct resistance was above 1,000 
ohms and less than 1,000 ohms in 35 per 
cent of the tests, curve B of the figure is a 
similar percentage curve of duct resist- 
ance obtained in connection with ap- 
proximately 200 cable failures. From 
this curve it will be noted that only five 
per cent of the corrosion failures occurred 


in ducts having resistance of 1,000 ohms 


ormore. Further it will be noted that 70 
per cent of the corrosion failures occurred 
in ducts in which the resistance was 250 
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significance, unless they can be translated 
into terms of corrosion on the cable or 
piping system concerned. The desired 
interpretation of test data can be ob- 
tained best through the systematic in- 
vestigation of the conditions incidental 
to corrosion cases and through studying 
the accummulated data in accordance 
with appropriate statistical methods. 

Electrolysis test data serve two general 
purposes: 


1. For individual cases, they serve to 
identify the cause and furnish the informa- 
tion required for the application of suitable 
remedial meastires to the particular case 
concerned. 
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Figure 4. Electrode current versus duct re- 
sistance for cable in five age groups 


The data are those used in Figure 3, but 
recognition is given to duct resistance 


a—Six years 

b—Eight years 
c—Nine and ten years 
d—11 and 12 years 
e—13 and 14 years 


ohms or less, whereas in curve A only six 
per cent of the total tests was under 250 
ohms. These results indicate that the 
greater portion of the corrosion is oceur- 
ring on a relatively small part of the sys- 
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occuring in per bi NA six ier cent 
of the ducts. 


In general the curves show | 


the importance of duct resistance as a i 


factor in rating ducts with respect to 
corrosion. On the basis of the data, 
ducts in which resistances of 250 ohms or 
less are measured are rated unfavorably 


from the standpoint of corrosion. 


\ 


To relate test data with actual corro-— 
sion and to establish a basis for the inter- _ 
pretation of the duct survey, studies were | 
made of the potential, the current, and — 


the resistance data obtained in the in- 
vestigation of approximately 100 corro- 
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‘ 
— 
4 


sion failures for which complete and con- 


sistent data were obtained. ie 
Figure 3 shows the distribution of cable 


life as related to the average current dis- 


charged from the test electrode to the 


duct wall at or near the point of failure. — 


For this purpose the cable life, from the 


date of installation to the date of failure, 


was grouped into yearly periods, that is, 
all failures falling within V years minusfive 
months and N years plus six months were 
grouped under N years. The vertical 
columns in the figure show the averages 


of the current measured for the failures in — 


each of the yearly groups. The standard 
deviation from the mean value of current 
was computed and shown by the vertical 
line associated with each of the columns. 
The magnitude of the deviations and 
other elements in the data show that the 
variations for any period are more than 
can be attributed to chance and prohibit 


a correlation between corrosion and the 


average current as measured. Further- 
more, the lack of correlation is also evi- 
dent from the fact that the contact area of 
electrode varies considerably under differ- 
ent duct conditions, thus introducing the 
question of duct resistance. 

In order to incorporate duct resistance 
as a factor in the analysis, the data were 
grouped, for convenience, into two-year 
periods and the current plotted with re- 
spect to duct resistance on semilog paper 
as shown in Figures 4a to 4e. Straight 
lines were drawn to show the best aver- 
ages between current and duct resistance 
in each of the groups. From these 
figures curves were constructed showing 
the relations between cable life and cur- 
rent for four values of duct resistance as 
shown by the curves in Figure 5. In 
comparing Figure 5 with Figure 3 it will 
be seen that the deviations from the aver- 
age in Figure 3 readily can be accounted 
for by variations in the duct resistance. 
Although there is some variation in the 
resistivity of the duct contents and the 
duct wall, it is believed that the duct re- 
sistance depends primarily on the area of 
contact. Consequently, for a given total 
discharge per foot of cable, the current 
per unit area is relatively less in the low 
resistance ducts, that is, one milliampere 
measured in a 50-ohm duct represents a 
much lower current density than the same 
current measured in a 400-ohm duct. 
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case was caused by soil potentials result- 
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_ The relationship shown in Figure 5 be- 
tween cable life, discharge current and 


duct resistance has been confirmed in 
numerous surveys. For example, in a 
recent case involving a 13.2-kv oil-filled 
tie feeder, the survey showed a duct re- 
sistance of approximately 500 ohms and a 
discharge of 0.9 milliampere at a point 
where corrosion had penetrated the cable 
sheath. By interpolation from Figure 
5, the probable life of the cable was esti- 
mated at four to five years. Corrosion 
also had penetrated the sheath at a second 
point in the same duct where the duct re- 
sistance amounted to 200 ohms, the cur- 
rent was 2.4 milliamperes, and the esti- 
mated cable life was slightly less than 
four years. The feeder had been in 
service four years and two months at the 
The corrosion in this 


ing from the cinder-filled soil adjacent to 
the duct bank. Typical duct surveys are 
shown in Figure 6. 


Classification of Cable-Sheath 
Corrosion 


~ A consideration of the foregoing empha- 

sizes the necessity for a procedure to 
identify the various corrosion factors con- 
cerned and to permit their classification 
or grouping with respect to the various 
types of attack. For this purpose the 
corrosion on the underground cables of 
the Consolidated Edison system is divided 
for convenience into three general cate- 
gories: 


1. Direct chemical attack. 
2. Stray-current electrolysis. 
8. Electrolytic-cell (galvanic) corrosion. 


In the case of cables occupying a duct 
system, it is important to distinguish be- 
tween corrosion occurring in the ducts and 
corrosion occurring in manholes, pull 
boxes, service boxes, and so forth. Duct 
corrosion results from certain factors in 
the soil or duct over which the operating 
company has only partial control, whereas 
manhole corrosion usually occurs under 
the arcproofing or at bond wires, splice- 
filling nipples, and other dissimilar metal 
attachments where installation methods 
do not provide adequate protection. The 
importance of treating manhole and duct 
corrosion separately has been recognized 
on the Consolidated Edison system and 
the methods for protecting manhole 
cables and splices have been modified to 
insure adequate protection in the future. 

When the classification of corrosion 
is considered with a view to the 
identification of the various factors under 
field conditions and the practical applica- 
tion of protective measures, the following 
grouping of causes has been found con- 
venient and workable. 


1. Stray-Current Anodic Corrosion. The 
corrosion caused by the electrolytic action 
of direct current picked up from foreign 
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sources and discharged into an env: 


which acts as an electrolyte. The action 
occurs at the anode or point from which the 
current is discharged. F 


2. Stray-Current Cathodic Corrosion. This 
type of corrosion is caused by the secondary 
reactions of the cathodic products of elec- 
trolysis. The action occurs when direct 
current flows to the cable sheath from an 


environment containing dissolved salts, — 


which are corrosive to lead. . 


3. A-C Electrolysis. The corrosion caused 
by alternating currents flowing between 
underground structures and earth is negli- 


gible at the usual current densities encoun- 


tered in practice. 


4. Soil Corrosion (Electrolytic-Environment 
Type). Corrosion resulting from electro- 
lytic-cell potentials originating in the en- 
vironment due principally to differences in 
the characteristics of the soil external to the 
duct bank. 


5. Duct Corrosion (Electrolytic-Environ- 
ment Type). Corrosion due to conditions 
existing in the duct and usually associated 


Tables! 
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Per Cent 
(Approximate) 
arts se Sd a a et 
Duct Failures 
Stray current (anodic)...........06-- ~30) 
Stray current (cathodic)............+.. 1.0 
A-c electrolysis. .......0000eeeeeeeees 0.0 
Soil corrosion setae ckebete, «eyelet nate ueiel eee 6.0 
Duct corrosion.....-.206- 50.5 ues ss 24.0 
Self-corrosion (sheath scoring)........- 10.0 
Galvanic corrosion (iron-pipe ducts).... 7.0 
Chemical corrosion..........-...-+-- 4.0 
Unelassifiedsyraecmte cptersleletereieretetonVere ute 6.0 
Subtotaliit/ sae 0 eece 1s epyadeusi etme 65.0 
Manhole Failures 
Galvanic corrosion (filling nipples, 
bonds, atid Somoreh) seni ee cae ri 23.0 
Chemical attack (under arcproof- 
iets eae RIO: OE lS OID He cnn Simioatro ate 9.0 
Usiclassified S06 csccer-s cie etn note a tcdeate 3.0 
Si DEOLAUGS.-ckltacenteeertes. tr angst yeesaemens 35.0 
with low duct resistance. Differential- 


aeration, concentration cells, and so forth, 
when occurring in the duct, are included in 
this group. 


6. Self-Corrosion (Electrolytic Metal-Sur- 
face Type). Resulting from conditions 
associated with the surface of the metal, 
such as scoring or other mechanical injuries 
which may set up local galvanic cells on the 
surface of the metal. 


7, Galvanic Corrosion (Dissimilar Metals). 
Resulting from the contact of dissimilar 
metals in the presence of an electrolyte in 
manholes and ducts. 


8. Chemical Corrosion. Corrosion which 
results from the direct chemical action of 
certain acids and alkalies-on lead-cable 
sheath in manholes and ducts. 


The application of the foregoing classi- 
fication to the corrosion failures for a 
four-year period on the high-voltage 
cables of the Consolidated Edison system 
gives, approximately, the percentages 
listed in Table I. 
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‘Jess restricted to areas and are distribute 


_ railway system involved. The object is 


- power system the sheaths of the primary 


cable system. 
mately 30 per ce 
occurred in certain c 
senting less than 1.0 per cen 
system. Manhole corrosion failure L ‘4 
more widely than those occurring in ducts. — 
The corrosion rate has been reduced from _ 
1.13 in 1940 to the present rate by the | 
application of protective measures in the. 3) 
areas identified as corrosive. ee 


Mitigation of Cable-Sheath. 
Corrosion . 


ELECTROLYSIS DRAINAGE 


Electrolysis drainage is used exten- 
sively for the mitigation of stray-current 
electrolysis on the cable system. Drain- 
age consists essentially in providing a 
connection between the cable sheath and 
the negative bus or negative returns of the 


to provide a metallic return for stray 
railway currents picked up by the cable 
system and thus to lower the potential of 
the sheath below that of the surrounding 
earth in the normally positive areas. 
Where the cables thus are maintained at a 
negative potential they also are protected 
by cathodic action against the galvanic 
types of corrosion. 

The drainage of a power system pre- 
sents more difficult problems than are en- 
countered in the drainage of communica- 
tion cables or railway cables which are not 
included in a distribution system. In the 
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and secondary cables normally are bonded 
together and connected to the system 
neutral of the wye-connected transformer 
low-voltage windings. These transformer 
windings provide a low d-c resistance con- 
nection with the live copper of the second- | 
ary cable. In the case of a 500-kva 
transformer this resistance amounts to 
approximately 0.00013 ohm and consti- 
tutes an effective bond between the cable 
sheaths and the low-voltage copper. 
Furthermore, the cable sheaths are 
grounded through the system neutral to 
the water system at customers’ services. 
Consequently, when an attempt is made 

to drain the power system, the drainage 
not only applies to the cable sheaths, but 
also includes the system neutral, the cop- 
per in the low-voltage cables, and the 
water system. This very greatly reduces 
the effectiveness of drainage, and in the 
average situation it is estimated that only 

30 to 40 per cent of the drainage current is 
effective in reducing the potential of the 
cable sheaths. 

Where the power-system cables closely 
parallel communication cables or a rail- 
way cable system, there may be a con- | 
siderable difference of potential between 
the cable systems resulting from the 
difference in the effectiveness of drainage 
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on the feipetiive “systems” This con- 
stitutes an important problem in reducing 
the effects of stray-current electrolysis on 
_ the power system. Where practical, con- 
trol drainage is used, that is, resistors are 
_ connected in the drainage cables and ad- 
_justed to limit the current to that re- 
_ quired to maintain the cable sheaths con- 
_ cerned slightly negative with respect to 
_ the duct wall. In some cases the power 

cables are bonded to the communication 
or railway cables to reduce potential dif- 
ferences between the systems. 


CATHODIC PROTECTION 


In certain instances, where applicable, 
_ the cathodic scheme of protection is used. 
. - There are several of these installations in 
a operation on the power cable system in 
a ' New York City. The scheme is used 
4 principally, where the electrolytic-cell 
_ type of electrolysis is the influencing 
factor. 

Cathodic protection consists EsSentseily 
‘in placing earth electrodes properly 
_ arranged with respect to the cable ducts 
concerned and in applying a positive po- 
tential for the purpose of raising the duct 
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- the cable sheath negative with respect to 
_ the earth. In this arrangement, current 
_. flowing through the earth to the cable 
sheath tends to neutralize any positive 
sheath potentials likely to cause corro- 
- sion. Current at the required potential 
_ is supplied by motor generators or suit- 
_ able rectifiers. The principles underlying 
- cathodic protection have been described 
in several papers on the subject.!!,12.15 

In some installations of cathodic pro- 
tection on the cable system, the anode 
consists of scrap cable installed in a va- 
cant duct with its sheath connected 
through a rectifier to the cables under pro- 
tection. Car rails buried adjacent to the 
duct bank have proved satisfactory in 
other installations where the current re- 
quirements are small. In cases where 
considerable current is required, the car 
rail should be imbedded in coke breeze, 
or specially designed carbon electrodes 
should be used. In one of our installa- 
tions plain car rail has been in service for 
approximately six years, discharging an 
average of ten milliamperes per foot of 
rail. 

The cathodic scheme of protection has 
met with considerable success on long 
pipe lines and cables where other struc- 
tures are not seriously involved, and 
where there is sufficient right of way for 
the proper installation of the earth elec- 
trodes. Under the congested conditions 
found in New York City, the cathode 
method has but limited application. 
Where used, precautions must be taken to 
avoid discharging current to other struc- 
tures which are not included in the protec- 
tive scheme. Moreover, the current dis- 
charged from individual short electrodes 
or from sections of a long electrode laid 
parallel to the cables will vary between 
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or earth potential sufficiently to render 
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wide limits from point to point, depending 


on the soil conditions. There is danger in 
supplying too much current in some sec- 
tions in order to obtain protection in 
others. In such cases there is grave dan- 


ger of cathodic corrosion in the sections © 


receiving an excessive amount of current. 
To avoid the possibility of cathodic reac- 
tion, the current should be limited to only 
that required to give protection, and its 
uniformity over the duct section should 
be checked by a duct survey. 


PROTECTIVE COVERINGS 


Protective coverings are used on the 
cable sheaths in certain areas, where 
corrosion is caused by local soil and duct 
conditions and where drainage or other 
electrical methods for protection are im- 
practical. The protective covering which 
has been most generally used on the Con- 
solidated Edison system consists of coat- 
ing the cable sheath with an asphalt 
compound and applying two layers of 
canvas tape saturated with the com- 
pound. This covering has afforded ade- 
quate protection for ten years or more 
under the most severe corrosive condi- 
tions existing on the system. However, 
considerable difficulty has been experi- 
enced in pulling this type of cable into or 
out of the cable ducts, because of the in- 
creased over-all diameter of the cable and 
the tendency of the compound to cement 
to the duct walls. In some cases where 
an attempt was made to remove the ca- 
ble, it was found that the disintegrated 
fabric clogged the duct so as to make 
removal of the cable impossible. In such 
cases the ducts have to be abandoned. 

Because of these difficulties, a special 
rubber-faced tape has been used in some 
of the recent installations. The rubber 
tape is applied to the cable in two layers 


after which the tape is vulcanized and | 


mica dust is applied. The surface has a 
smooth finish which is of considerable aid 
in pulling. A quantity of the rubber- 
covered cable was installed, on an experi- 
mental basis, in 1940 to determine its 
durability and characteristics as a protec- 
tive coating. To date there have been no 
failures in this type of coating. 


CABLE-GREASE PROTECTION 


A special cable grease is being used 
extensively on the cable system for pro- 
tection in areas subject to the environ- 
mental types of corrosion. This type of 
protection has been used on the power 
cables in New York City for the past four 
years. Another company has had ten to 
15 years of experience with grease-coated 
cable. The results reported to date have 
been generally satisfactory. 

The grease compound used is a heavy 
tacky petroleum grease very similar to 
axle grease. A little light oil is added by 
the manufacturer to make the grease 
workable. The grease is applied to the 
cable sheath by hand as it is pulled into 
the duct, care being taken to have the 
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grease rubbed on all parts of the cable. 
The quantity applied amounts to ap- 


proximately 25 pounds per 100 feet on 


cable having an outside diameter of three 
inches and proportionately less 
smaller cable. In the use of grease for 


cable-sheath protection, it is important 
that the cable be installed in clean ducts. 


Any sand or mud in the duct will mix 
with the grease and leave a flaky coating 
without protective value. . 


CLEANING AND FLUSHING CaBLE Ducts 


In cases where the cable sheaths are 
subject to chemical corrosion, or in ducts 
in which alkaline or acid conditions exist, 
very beneficial results have been obtained 
by flushing the duct with hydrant water 
before installing the cable. Several cor- 
rosive conditions have been cleared up by | 
this process. In one case, where ducts 
enter a substation through a massive con- 
crete envelope, the ducts were flushed 
every three months for approximately one 
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CABLE LIFE — YEARS 


Figure 5. Age of cable versus current and 
duct resistance 


Curves derived from the current-resistance 
data given in Figure 4 


year before the recurrence of an alkaline 
condition finally was stopped. 


THE USE OF ZINC FOR CATHODIC 
PROTECTION 


Zinc electrodes are used in several sys- 
tem transformer manholes to provide 
cathodic protection to the transformer 
tanks. The electrodes, consisting of zinc 
bars 36 inches long and 1/2 inch x 4 inches 
cross section, are placed on the walls of 
the manholes, bonded together and con- 
nected to the transformer tanks. 

The zinc installations in question have 
not been in service for sufficient time to 
determine their effectiveness. The po- 
tential between the electrodes and the 
steel tank amounts to approximately 0.45 
volt. The zine is anodic and there is a 
definite flow of current from the electrodes 
to the tanks, which are painted so that 
this current reaches the metal through 
the pores and small defects in the paint 
coating. The current amounts to ap- 
proximately 0.4 ampere for each trans- 
former tank. 

In a recent paper on the use of zinc for 
cathodic protection Wahlquist!! calls 
attention to the advantages of this type 
of protection. He also points out that 
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ine may not be applicable for use in 


locations where high resistivity limits the 
current output. Attention also is called 


to the formation of high-resistance films 
on the surface of the zinc and the use of 
chemical treatment for the reduction of 


these films. 


Summary and Conclusion . 


The corrosion of metal underground is, 
to a large extent, the product of electro- 
chemical processes. Electrolytic corro- 
sion may result from stray current or from 
electrolytic cells associated with the 
metal or with its environment. Electro- 
lytic corrosion may result from dissimilar 
metals in contact, or more usually from 
concentration cells set up in the environ- 


ment by such factors as differential aera- 


tion or dissimilarity in the soils in contact 
with the metal. 

Chemical corrosion is experienced most 
frequently under green concrete, in 
wooden ducts, and in service boxes or 


manholes on cable sheath buried under 


decomposing organic matter. 
Stray-current electrolysis has been re- 
‘duced to minor proportions by the 
measures installed for its mitigation and 
through the co-ordinated efforts of all the 
utilities concerned. Electrolysis drain- 


age is used extensively for stray-current- 


electrolysis mitigation on the cable sys- 
tem. Continued supervision and main- 
tenance are required for all measures in- 
stalled for stray-current-electrolysis pro- 
tection. 

Corrosion from environmental condi- 
tions has increased in certain sections 
where the operation of trolley lines has 
been discontinued and where the cathodic 
protection afforded by the rails has been 
removed. The environment types of 
corrosion occur most frequently in soils of 
a heterogeneous nature and under condi- 
tions where the resistivity of the environ- 
ment in contact with the cable is rela- 
tively low. Protection against environ- 
mental corrosion is obtained through the 
use of protective coatings or through the 
application of cathodic protection. 

Electrolysis surveys are conducted on 
schedules arranged to give the required 
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possible, new situations | 
The manhole tests usually 


not give adequate information o 


n the — 


environmental types of corrosion. ‘This prote 


has necessitated the development of a 
duct survey which will yield information 
on the conditions in the duct and furnish — 


data by which the severity of corrosion 
conditions can be estimated. 

A large percentage of the corrosion 
failures on the cable system occur in a 
few more or less well-defined areas com- 


prising a small pertentage of the total. 
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DUCT FEET 


Figure 6. Typical duct surveys showing 
_corrosion failures at points of low duct re- 
sistance 


Milliamperes 
Sheath potential 
Duct resistance 
x—Cable failure 


system. The failure rate has been re- 
duced appreciably in the past five years. 

The further mitigation of existing elec- 
trolysis conditions can be accomplished 
best by the application of corrective 
measures in the areas subject to environ- 
mental corrosion. In such areas the 
plans for new work should provide for 
the best possible duct construction and 
adequate manhole and duct drainage. 
In existing installations and in situations 
where it is impractical to control the 
environment, provisions should be made 
for the application of cathodic protection 
or the use of protective coatings. 
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HE rapidly expanding use of mercury- 
_ @ arcrectifiers, both as to total installed 
_ capacity and the relatively large number 


_ of units operating in parallel, emphasizes. 


the importance of suitable switchgear to 
provide over-all satisfactory rectifier op- 


eration. The necessity for such switch- 


gear, particularly for a high-speed air 
circuit breaker in the rectifier anode cir- 
cuit, has been outlined in previous papers 
before the Institute.4? During the past 
_ several years, considerable progress has 
been made in the reduction of arc-backs in 
power rectifiers.. Anode circuit breakers, 
although subject to less frequent duty as 
a result of this progress, are required to 
operate at higher voltages and interrupt 
greater arc-back currents as indicated by 
recorded rates of rise of current in excess 
of 11,000,000 amperes per second. At this 
rate of rise in a large 650-volt (d-c) recti- 
fier installation, the anode-breaker inter- 
rupting duty is equivalent to that of the 
first phase to clear a 130,000-kva fault in 
a three-phase 1,400-volt a-c system. — 
These power-duty requirements in the 
unique single-phase a-c—d-c circuit of the 
rectifier under arc-back dictate a further 
careful re-examination of the circuital re- 
quirements of the anode breaker which 
may assist in obtaining design and per- 
formance criteria. Such a study has 
been made and is presented herein, to- 
gether with the performance of the Gen- 
eral Electric Company’s six-pole 1,600- 
ampere 750-volt type-AG-2 air circuit 
- breaker under such requirements. 


Summary 


The arc voltage Eg, developed by the 
anode-breaker, together with its early in- 
troduction into the circuit following cur- 
rent reversal, constitute the most essen- 
tial performance criteria. It is shown that 
a current zero, the first prerequisite for 
interruption, can be created in the arc- 
back circuit only by developing a counter 
current (tg) which neutralizes the arc- 
back current (J). This helpful concept 
is developed in a rigorous quantitative 
manner. The electromotive force for this 
counter current is the arc drop of the 
anode breaker (Ez). 
aS Se ee ere 


Paper 45-52, recommended by the AIEE com- 
mittee on protective devices for presentation at the 
AIEE winter technical meeting, New York, N. Y., 
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Contrary to general belief, the arc en- 
ergy (k) developed by the anode breaker 
does not necessarily decrease as the arc 
voltage is introduced earlier in the circuit 
For each are-voltage characteristic there 
exists a particular time of introduction, 
(6.), which gives maximum are energy. 
Neither can the point of minimum energy 
be accepted as the desirable objective 
due to the relatively high initial recovery 
voltage (£,) associated with this point. 
Optimum anode-circuit-breaker perform- 
ance, in circuits having high rates of cur- 
rent rise, requires establishing the final 
current zero during the inverse-voltage 
period (£, negative) together with arc 


f= 


Figure 1 (above). Equiva- 
lent arc-back circuit of 
rectifier which is useful in 
the study of the perform- 
ance of anode breakers 


3.51 


3.17 


Figure 2. Sample calcu- 
lation of ‘the circuit of 
Figure 1 under practical 
condition of anode-breaker 
performance 


The arc voltage of the 
breaker (Ez) produces the 
current (ig) which neu- 
tralizes the arc-back cur- 
rent |, thus producing a 
current zero. The effect 
of rectifier arc drop has 
already been considered in 
the computation of | (see 
equation 6). The shaded 
area is the arc energy k re) 
released by the 

breaker 
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energies () which avoid the peak of the — 
energy characteristic. See 
The modification of these results as af-_ 


se 


fected by the ratio of the reactive ohms 


(wL) to the resistance ohms (R) of the 
circuit is discussed on a quantitative basis. fe, 
Quantitative variations in the various’ 


parameters are presented to study their — 


effect. Certain unique characteristics of 
anode breakers are explained. An ex- 
ample of an anode-circuit-breaker malper- 
formance, observed when testing a de- _ 
velopmental breaker at elevated voltages, _ 


a 


is presented with corrective measures _ 
indicated. = 

The entire study is carried out on a 
clearly defined per unit basis which per- 
mits the numerical values on all the 
graphs to be applied to any voltage sys- 
tem at 25, 50, or 60 cycles. All are en- = 
ergies (k) are given on a 60-cycle basis in 
watt hours per megavolt-ampere, the — 
latter being the product of the kilovolts 
of the effective alternating voltage and the 
corresponding symmetrical zero-power- | 
factor kiloamperes produced in the in- 
ductive ohms of the equivalent circuit. 

The embodiment of these principles in 
the high-speed AG-2 air circuit breaker 
is demonstrated with numerous field os- 
cillograms. The new design features of 
this breaker are described. 


=»? , 5h Pq 


The Circuit 


The actual circuit of the arc-back cur- 
rent in a rectifier!? is of an inherently © 
complex nature which fortunately has 
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been reduced? to the simple approximate 
and practical equivalent circuit shown 
in Figure 1. Here are found the well- 
known parameters of inductance (L) and 
resistance (R) both of which may be con- 
sidered linear. Under arc-back, the cur- 
rent (J) is supplied by two separate 
sources of voltage, namely, an a-c and a 
_d-c source designated respectively as 
Eq: and Ey. The analysis of this circuit 
is enhanced by considering each of the 
several voltages to act one at a time and 
to add the resulting currents to obtain 
the final result. 


The Currents 


“The current produced by the direct 
voltage (Eq) acting alone is. 


Tanti Gi)ar (1) 


The current produced by the alternating 
voltage acting alone is given by the general 
expression for the short-circuit current in 
the R, L circuit. Since the contribution 
of the direct voltage given by equation 1 is 
already defined in its simplest terms, it 
becomes profitable to express the d-c 
component of the alternating current in 

a similar form, giving for the total a-c 
contribution 


Tag=2Isin (y=B)-+ sin (ot-+ 8-7] — 
A sin (y—B) yine Gr) (2) 


where 


Z=~V R*+a1?; Em=~ 2Eae 


wl 
=t ty ly SS 
Y an () 


B=voltage angle of arc-back initiation 


In equation 2 when R is zero, y = 90 de- 
grees, and the undamped, fully displaced 
current results when 6 = 0, namely 


En 
Tqg=—~ [1—-cos ot] (3) 
oL 


Similarly, for R = 0 and 6 = 90 degrees 
the symmetrical short-circuit current re- 
sults, namely 


1 ee OFS 
tac= sin wt (4) 

The are drop of the rectifier, as well as 
that of the breaker, may be considered as 
additional circuit electromotive forces 
which in turn produce currents of their 
own which oppose the currents of the 
source voltages.> The are drop produced 
by the rectifier is essentially a flat-top or 
direct voltage which remains practically 
constant in spite of the large fluctuation in 
circuit current. Even though this arc 
drop may fluctuate slightly or differ from 
this exact characteristic it may be faith- 
fully represented by a direct voltage 
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On this basis, the rectifier drop 
considered to produce its own curr 
namely ., 


Ey E( 2a 
uBio (4 
The total arc-back current (J), includ- 
ing the effect of rectifier drop (—£g), 


may now be written as the sum of equa- 
tions 1, 2, and 5 


Ea—Ea Em : ts 
1-|(25*)- Z sin (y—8) x 
ive Gide 


En, . F 
es (y—B) + sin (wt+B—vy)] (6) 


(5) 


ot T=IpcetT sg (see Figure 2) 


This grouping of all the transient com- 
ponents in one term (Ipc) simplifies the 
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Figure 3. Curves showing the effect of circuit 
resistance upon the relative magnitude of arc- 
back current at the initial peak and at the bot- 
tom of the first dip, and the ultimate current 
should no protective equipment be employed 


Rectifier drop is included 
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alternating voltage at the time of current | 
reversal determines the value of 6. Itisa_ 
function of the angle of overlap of the 
rectifier which, in turn, is dependent upon 
the rectifier loading. For very light 
loading, including no load, the angle 8 
may be as lowas —30 degrees, or 30 de- 


zero, This condition would give the | 
maximum arc-back currents. As the 
loading is increased, however, the angle — 
of overlap is increased and the point of — 
current reversal occurs close to a normal 
alternating-voltage zero or when # is 
zero. Since arc-backs are more frequent 
under load, it will be found practical to 
consider values of 6 close to zero. A 
simplification in the final are-back cur- 
rent of equation 6 of practical significance 
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(6). The corresponding currents 


Figure 4. The voltages and the corresponding 
currents which would flow in the circuit of 
Figure 1 when resistance is zero 


Each current is proportional to the area under 
the corresponding voltage, the net current |, 
being proportional at all times to the net — 

shaded area as indicated in Figure 4a 7 
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_—14 degrees for a circuit whose ratio of 
@L/R of 8; and fora ratio of wL/R of 15, 


the value of to satisfy this condition 
is only —3.8 degrees. These values fall 


equation 6, and the close approximation 
of wl to Z is absorbed, there results 


1-| (2G) Be ne Ci) 


Em 
—T[1— cos wt] (7) 


, This practical division places all the varia- 
bles in the transient term and affords 


_ easy determination of the total current. 
oy 3 


- Quantitative Values and the Per 
_ Unit System 


_ The numerical work in this paper is 
_ presented on a per unit basis and there- 
_ fore is applicable to any system regard- 
; less of voltage, kilowatt capacity, or 
_ frequency. 
~ Per unit voltage is Em =~/2E qc 
_ Per unit current is Im =Em/oL 
_ Hence, wL is unity on the per unit system 
’ Per unit watts,W =E,-Im, 
Per unit arc energy (k) is expressed as the 
watt hours per megavolt-ampere where the 
_ base megavolt-amperes is 0.5X10~® Ep-Im. 
All values of k are expressed on a 60-cycle 
— basis. For 25-cycle systems all values of k 
~ should be multiplied by 2.4 and for 50-cycle 
systems the value of k should be multiplied 
by 1.20 to obtain true values. 
The ratio of the effective direct voltage 
_ (E,) to alternating voltage (F,,) in the 
rectifier circuit under arc-back may vary 
from 0.90 to 1.17, depending upon the 
number of rectifiers on the bus* and to a 
smaller extent upon the regulation of the 
a-csystem. The value of 1.17 assumes an 
infinite d-c and a-c bus and is the upper 
limit. This condition is approached in 
large electrochemical installations where 
a large a-c source supplies the rectifier 
transformers. A value of 1.10 is chosen 
for this ratio for the numerical work in 
this paper. It is fairly indicative of large 
existing circuits in the electrochemical 
industry. Thus 


Eq=110E ac (8) 


Likewise the arc drop of the rectifier 
(Ez) depends upon the type of rectifier 
employed, Expressing this direct voltage 
in per unit of the rms value of the alter- 
nating voltage facilitates the numerical 
presentations on a per unit basis. A 
rectifier drop under arc-back of ten per 
cent of the alternating voltage is chosen 
as being indicative of the higher voltage 
systems. This percentage is slightly 
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@L/R is as low as 4; —7.1 degrees for a 
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(a). The breaker generated current (ig) pro- 

duced by a linearly rising arc voltage, Ep, 

(n=0.70), is introduced at 30-degree inter- 

vals, the corresponding arc currents, (I,) being 
shown (I,=/—i3) 
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(b). The corresponding wattage curves of 

Figure 5a. (W=Eg-/,). The area under 

each curve is the arc energy and is tabulated 
on the figure and plotted in Figure 6 


Figure 5. Arc currents and their correspond- 

ing wattages for various contact parting times 

from 0,=0 degrees to 0,=210 degrees. The 

composite results of these values are plotted 
in Figure 6 


pessimistic and, if used, will be more 
pessimistic for the lower voltage systems. 
The equations and method of attack 
permit the use of any value of rectifier 
drop. For the numerical cases presented 
in this paper 


dale = 0. Tce (9) 


Boehne, Atwood—A node-Circut-Breaker Design 


SC eRe A ee 


4 #10 1.6 
x TOTAL ARC ENERGY tate 
a > ; ‘ 
mo) 
53 8 2-4 
aie oss < 
i w 1.0 a 
ayy t2) } 
OF oe 6 08 7 
= =; 
g = i 0.6 Ss 5 
=) 
C14 0.4% 
a a 
0.2 
{e) 2 
_ 180 240° 
DEGREES -0.2 ~ 


@e ANGLE OF CONTACT PARTING 
Figure 6. Master arc-interruption criteria 
resulting as the time of introduction (6,) of 
the arc voltage (E;) is varied from zero to 
210 degrees following the initiation of a high- 
capacity arc-back (6 =0) 


The composite data for these curves are pre- 
sented in Figure 5 


Adopting the ratios given in equations 8 
and 9 as being indicative of the large rec- 
tifier installations, equation 7 becomes 


r=[o707(%2)-1} ee Gi)et Fa 


{1—cos wt} (10) 
When the ratio wL/R is taken as eight 
(used on many of the curves) the numeri- 
cal equation for the arc-back current be- 
comes 
T=4.65{1—e- 9-125 t} + {{-cos wt} (11) 
This current has an initial peak of 3.6 
(Figure 10) and an ultimate peak of 6.65. 
When 6 is zero instead of —7.1 degrees, 
associated with an wL/R of eight, the ini- 
tial peak is reduced 2.5 per cent to a per 
unit current of 3.51. The total arc-back 
current for the case of 6=0 is shown in 
Figure 2. The relative magnitude of the. 
initial current peaks (I) and the magni- 
tude at the initial current dip (Z,) for 
8=Ois described in Figure 3 as a function 
of the ratio of wl/R. The top curve 
describes the relative magnitude of the 
ultimate current peak, Jo. 


The Interrupter 


An inspection of the total are-back 
current in Figure 2 reveals an inherently 
d-c characteristic in that no natural cur- 
rent zeros are present to afford an op- 
portunity for interruption. It is impera- 
tive that an interrupter be employed 
which is capable of producing a current 
zeto. This is only possible by producing 
an arc voltage in the interrupter which is 
capable of causing a current to flow which 
will neutralize the circuit current (J) of 
the arc-back. This in turn demands a 
circuit breaker capable of developing 
sufficient arc drop and thus inherently 
avoids an oil breaker as the latter func- 
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* tions on the ie areooliaee principle and 
_ is hence only adaptable to circuits which 


afford a natural current zero. 
‘The arc drop (Ez) of a self-contained 
air breaker of the magnetic type may be 


represented. by a linearly rising voltage 


f 
’ 


having an equation 


(-Eg=t-Em-ot (12) 


where 7 is the slope of the linearly rising 
are voltage in per unit of the maximum 
slope of the per unit a-c source. When 


— n=1.0, Eg=Enm at one radian (wi=1 or 
57.3 degrees). 


This is defined graphi- 
cally in the lower left-hand corner of 
Figure 7. 

The current produced by this linearly 
rising voltage in the L, R circuit is 


ep Bal aS (1-G)*)] (13) 


This current is not admitted to the cir- 
cuit until the contacts of the breaker part 
6, degrees later and permit the rapidly 
expanding arc to develop the linearly 
rising arc voltage of equation 12. This 

- current is shown in Figure 2, introduced 
by a breaker which parts its contacts in 
one third of a cycle (6,=120 degrees or 
wt=2r/3) and which develops an arc 
voltage which rises linearly at a rate of 
0.70 of the maximum slope of the a-c 
source (1=0.70). The actual net circuit 
current J, is the difference between 
these two currents and is also plotted in 
Figure 2 as the oscillograph would record 
this current. It follows that the peak 
available current will be lowered and will 
occur earlier as the arc voltage of the 
interrupter is introduced earlier in the 
circuit. 

A clearer visualization and working 
knowledge of these various relationships 
which avoid the apparent complexity of 
the equations which appear above is to 
consider the same circuit without resist- 
ance (R=0). In this case, which is a close 
approximation for large rectifiers, each 
of the several currents will be propor- 
tional at all times to the volt-time area 
under the respective voltages. This 
comes about in Boy. pure inductive 
circuit since 


_ feat 
Rig? 


which is merely another way of express- 
ing the fact that 
L dt 
ow dt 
The currents in the pure inductive arc- 
back circuit [zero power factor, (R=0)] 
are shown in Figure 4b. Each in turn is 
proportional to the area under the corre- 
sponding voltage in Figure 4a. The net 
current is hence proportional to the net 
volt-time area acting on the inductance. 
It follows that from the initial current 
zero to the final current zero, the net area 
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Figure 7. The solid 


ing malperformance as- 5.18 ——— 


sociated with the fast 
introduction of an arc 
voltage which rises too 


Eg VOLTAGE OF D-C 
Eac=A-C VOLTAGE OF 


Ea=ARC DROP OF RECTIFIER= fol Bac: 
=ARC BACK CURRENT (Ea=0- | Eac). wan 
o= ARC CURRENT = (I-iB, 
IEg= LINEARLY RISING ARC DROP 

OF ANODE BREAKER 


slowly (n =0.2) to cre- n=PER UNIT SLOPE OF Eg es 
ig= CANCELLATION CURRE 
ate a current zero before d°°he oouGED-evEa 
the arc-back current W=ANODE BREAKER BARC WATTS 
starts for the second 


major peak. The re- + 


sulting current (I,) is 

double-humped and re- 

sults in the creation of 
excess energy 


Also indicated are the 
corresponding phe- 
nomena for different 
arc-voltage slopes vary- 
ing from n equal to 1.0 
to 0.10. The corre- 
sponding breaker ener- 
gies are tabulated on the 
figure. Figure 8 is a com- 
posite of these results. 
Figure 9 shows a typical 
case of the malperform- 
ance similar to n=0.20 
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arc-voltage drops equal the sum of the 
generated voltages. The above relation- 
ships are true for a purely inductive cir- 
cuit only. As resistance is added to the 
circuit these area relations do not hold, 
the departure depending upon the ratio 
of reactive to resistance ohms (wL/R). 
The true relations with resistance present 
are expressed by equations already given. 


The Effect of Interrupter 
Characteristics Upon the Over-All 
Interruption Problem 


The determination, of the total arc- 
back circuit current, by superimposing the 
separate contributions, enables the effect 
of variations of any particular voltage to 
be studied easily. Of particular interest 
is the examination of the effect of various 
anode-breaker arc-voltage characteristics 
upon the total current as well as other 
important circuit-breaker interruption 
criteria. 

The three primary considerations which 
have a direct bearing upon the successful 
interruption of the arc-back current are: 


1. Thecreation of a current zero. 


2. The instantaneous recovery voltage at 
current zero and the resulting recovery- 
voltage characteristic. 


8. The total arc energy liberated just prior 
to current zero and its distribution. 
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recovery voltage is low is a desirable 
combination for good interrupter per- 
formance. In Figure 2 is shown a com- 
plete sample calculation on a per unit 


basis which determines these factors for 


the following conditions: 


ae =1.10E a. 


6.=120 degrees 
Exg=linearly rising 
n=0.70 

R=woL/8 
y =82.9° 
10. Z=1.008wL 


CHNAAR WDE 


The maximum per unit value of the 


initial current peak is 3.51 which is 


limited to 3.17 by the arc voltage. The 
arc-wattage curve (W) is the product of 
the arc voltage and the are current. It 
is computed graphically. Its area is the 
arc energy (Rk) in watt hours per megavolt- 
ampere on the base previously defined. 
For example, in a 650 volt (d-c) rectifier 
installation (alternating voltage 590) hav- 
ing a ratio of wL to R of eight, which ini- 
tiates an arc-back as the alternating volt- 
age passes through zero (@=0) and pro- 
duces an initial rate of rise of current of 
11,000,000 amperes per second to an ini- 
tial crest of 90,000 amperes, the value of 
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n=PER UNIT SLOPE OF LINEARLY 
RISING ARC VOLTAGE 


the per unit current would be 90,000/- 
- 3.51=25,600 amperes=J,, maximum. 
Thesymmetrical alternatingcurrent would 
then be 18,100 and produced by an al- 
_ternating voltage of 590 volts or a mega- 
volt-ampere of 10.7 on a single-phase 
basis. Hence, the total arc energy hav- 
ng these values, developed as described 
_ by Figure 2, would be: 8.1X10.7 or 
86.5 watt-hours. This is approximately 
_ the energy released by the anode 
breaker in clearing such arc-backs which 

_ take place following the conducting pe- 
4 riod. During such an interruption, the 


_ would be limited to only 81,000 amperes, 
i which occurs at 0.46 cycle, and current 
_ zero would take place during the inverse- 
voltage period as desired and indicated by 
J Figure 2. An oscillogram closely ap- 
_ proaching these conditions is shown in 
4 Figure 14. 

Es 


Effect of Breaker Speed 


It is of interest now to examine the 
corresponding results of Figure 2 when 
the arc voltage is initiated at various in- 
tervals, 6,, following the current reversal. 
The results of this variation are presented 
in Figure 5. In Figure 5a are shown the 
breaker-generated currents (7g) and the 


- Figure 9. Oscillogram showing a 


- See Figure 7 (n=0.2) for a graphical interpretation of 
This record was obtained by testing 
4 650-volt developmental anode breaker at 1,030 volts 


this phenomenon. 


Curve A. 
Curve B. 


Sixty-cycle timing wave 
Anode-breaker~ voltage (Ep) 
voltage (Ege+Ea) 


Curve C. 


anode breaker (I,) (see Figure 7) 
Curve D. Anode-breaker watts (W) 


Curve E. 
pole on same wye 


Curve F. 


pole on same wye 


Curve G. 


E, E, 


linearly rising arc voltage 


malperformance 

-. which occurs should the developed are voltage of the 

breaker rise too slowly to create a current zero during the 
dip in arc-back current following the initial peak 


and recovery 


Anode current of faulted pole as limited by 


Forward current of anode circuit of another 


Forward current of anode circuit of remaining 


(E3) is varied from 1.0 to 
0.10 


The individual cases are 
indicated in Figure 7. The 
arc-voltage initiating angle 
6, is constant at 90 degrees 


Figure 10. Arc currents 
and wattages resulting from 
three separate shapes of 
arc voltages, all of which 
are initiated at the same 
time (@,=120 degrees) and 
which produce current zeros 
simultaneously. Arc ener- 
gies are tabulated on the 
figure 
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Note for this case the 
value of B is chosen as 
—7.1 degrees which per- 
mits | to be expressed by 
equation 7 of the text 


(9) 


resulting current-limiting action as the 
angle 6, is taken to zero in 30-degree- 
steps (the latter case would require in- 
stantaneous tripping of an anode breaker 
having no mechanical time). In Figure 
5b are shown the corresponding arc- 
wattage curves together with their areas 
tabulated on a per unit energy basis on 
the figure. These characteristics are 
plotted in Figure 6 and show the in- 
teresting fact that, for the particular 
representative arc-voltage characteristic 
chosen, the arc energy reaches a crest 
when 0, is about 75 degrees. The current 
zero, however, occurs at a very favorable 


Voltage across the MC-5 air circuit breaker used to short-circuit the recti- 


fier to create the simulated arc-back current 
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point to assist the interruption, and the 
external circuit is benefited by additional 
current-limiting action. When the same 
are voltage is admitted at 150 degrees, 
however, the energy is reduced to 82 per 
cent of the maximum value and current 
zero is still in a favorable region. The 
peak current on the other hand is 19 per 
cent in excess of the peak current at the 
maximum energy point. 


Effect of Rate of Rise of Anode- 
Breaker Voltage 


In a similar manner, it is of interest to 
vary the slope (7) of the linearly rising — 
anode-breaker arc voltage (Eg), keeping 
a fixed value of its point of initiation (,). 
Such a study is sketched in Figure 7 by 
indicating the performance for values of 
n of 1.0, 0.7, 0.5, 0.3, 0.2, and 0.1 and all 
for a value of 6, of 90 degrees. The case 
of n=0.2 is shown in detail to exhibit the 
phenomena resulting when the arc volt- 
age is so low that its cancellation current 
(iz) does not neutralize the arc-back 
current before the latter rises toward the 
second current peak. Note the double- 
peaked current J,. Figure 9 exhibits an 
oscillogram of such an occurrence. This 
was obtained when a 650-volt develop- 
mental anode breaker was tested at 1,030 
volts. 

In spite of the large increase in arc 
energy associated with this case (n=0.2) 
an opportunity to clear is presented by the 
fact that the ultimate current zero at 570 
degrees occurs at a low value of recovery 
voltage (£,) and is followed by a relatively 
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long interval before ite recovery Polen 
rises to a threatening magnitude. The 
are voltage which rises at half this rate 
(n=0.1) produces still more energy and 
the current zero is located at 692 degrees 
which suggests the possibility. of failure. 
When x=0.3, on the other hand, the arc 
energy is less than half the energy at n= 
0.1, although the initial recovery voltage 
is in the same relative position. The 
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master characteristics for this variation 
in ” are presented in Figure 8. This study 
reveals that, for a given time of introduc- 
tion of the are voltage of the anode 
breaker, the energy characteristic in- 
creases as the slope of the linearly rising 
voltage is increased. The current zeros, 
however, are more desirably located in 
the inverse-voltage period for the higher 
* values of n. 


Effect of Arc-Voltage Shape 


Although a linearly rising arc voltage 
of the anode breaker was chosen to dem- 
onstrate the various performance char- 
acteristics, the method is applicable to 
any type of arc-voltage wave shape. In 
Figure 10, for example, are shown three 
arc-voltage characteristics which start 
simultaneously and produce current zeros 
simultaneously in a circuit having a ratio 
of wL/R of eight. The flat-top arc volt- 
age is particularly easy to analyze since 
it produces a current (zg) of the form (1— 
e~(8/eL)*1) as shown. The special trape- 
zoidal are voltage (Ez: of Figure 10) hav- 
ing the equation 


Ep= E ee E 
B=n| 1+ aap wt |Am 
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i a tinea rising 
the R, L circuit. This nila peaches a. 
per unit value of. in one radian (of=1. 
or 57.3 degrees) and hence crosses the 
rectangular portion of the trapezoidal 
voltage at that point. It is also particu- 
larly easy to consider. The peak arc 


currents are merely indicated in Figure 


10. It is particularly significant that, in 
spite of the difference in arc-voltage 
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Figure 11a (above). Type AG-2 

anode-circuit-breaker contacts, arc 

chute, directional trip mechanism, 
and auxiliary switch 


Figure 116 (right). 


shape, the are energies (k), as shown in 
Figure 10, differ by only two per cent. 
Space does not permit the modulation of 
these other arc-voltage characteristics 
with respect to magnitude and point of ini- 
tiation. 


Conclusions From Analytical Study 


It follows from the foregoing that the 
anode-circuit-breaker designer has the 
opportunity of selecting the most de- 
sirable combination of the three primary 
characteristics: 


(a). Point of introduction of arc voltage. 
(b). Arc-voltage shape. 
(c). Are-voltage magnitude which will best 


fulfill the requirements for satisfactory 
anode-breaker performance. 


There are numerous combinations of these 
variables which will achieve comparable 
performance. It also can be shown that 
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classifications: 


1. Systems having high rates jefe ae Reeds: 3 


back current (above 8, 000, 000 amper Ss per 


second) which in turn are associated with 


large rectifier installations having high 


ratios of wl /R, requiring large kilovolt-am- = | 


pere interrupting capacity breakers. 


2. Systems having low rates of rise of arc- 
back current (below 8,000,000. amperes per 
second) which in turn are associated with. 


smaller rectifier installations having lower 


ratios of wLl/R and requiring breakers of 


city. 


Two breaker characteristics are thus indi- — 


cated. Itis the purpose now to describe 


ANCE 
CLOSING 
HANDLE 


CLOSING CAM 


Motor-operated closing mechanism for type AG-2 anode circuit breaker ~ 


a breaker developed for the higher-duty 
requirements. 


A High-Capacity Anode Circuit 
Breaker 


The General Electric Company’s six- 
pole 1,600-ampere 750-volt type AG-2 
air circuit breaker is quite similar in gen- 
eral appearance and much of the detail 
structure remains as it was in the breaker 
described in the Seaman-Morton paper! 
presented in November 1942. 

To meet the increased interrupting ca- 
pacity at the higher rates of rise of cur- 
rent, changes have been incorporated in 
the latest anode breaker to achieve im- 
proved operating characteristics, _per- 
formance, and life. Advantage has been 
taken of the trends indicated by the 
analytical study presented in the early 
portions of this paper. 

The most noticeable changes lie in the 
upper stud, contacts, and interrupter 
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smaller kilovolt-ampere interrupting capa- 


n-chute construction 
demonstrated that blowout coils 
contributed little to the over-all perform- 
ance and as a result have been eliminated. 
Rapid are motion following contact 
Separation is enhanced by the hairpin 
loop in the current path to the arcing 
tips, the use of silver-molybdenum arcing 
tips, and steel arc runners. The back 
_ Steel runner is mounted directly on the 
breaker upper stud and the stationary sil- 
_ver-molybdenum arcing tip is secured 
directly on the runner. The front runner 
_ is connected from its lower end to the 
lower stud of the breaker. 


_ The are chute has been somewhat in- 
creased in size and better insulation has 
B been provided between the two arc run- 
ners in the chute by usin g Mycalex insu- 
_ lation and bushings to separate the front 
_ runner from the sides of the arc chute. 
= Inside the arc chute there is practically 
_ no material to carbonize (see Figure 12). 
Only the steel runners, a small area of 
_ Mycalex, and the treated asbestos-board 
_ sides are exposed to the arc. The steel 
- arc runners, because of the blowout effect 
established by the arc current which 
~ causes the arc to travel very rapidly along 
_ the runners, remain relatively cool and 
give up a minimum of metal to find its 
way into the arc stream. The minimizing 
of metal vapor in the arc stream works 
_ toward the establishment of an arc path 
of high resistance which is capable of 
creating and maintaining the arc-voltage 
_ characteristic required for optimum per- 
_ formance. 
Curved ends on the arc runners are an 
_ aid in keeping metal vapor out of the arc 
stream because the point of arc contact 
on the runner does not hold to any one 
spot until interruption occurs. In a 
Straight runner ending abruptly, an arc 
generally plays off one point until inter- 
ruption, thereby raising the temperature 
of the runner to the melting point and 
_feeding metal into the arc until the arc is 
‘broken. The arc-chute materials have 
been given standard treatments used on 
arc chutes of 15-kv air circuit breakers.4 
These treatments improve the arc-voltage 
characteristics of the chute and afford 


“a 


an increase in the dielectric strength of - 


the open breaker. 


The upper studs are redesigned so that 
the front portion carrying the back arc 
Tunner with its attached silver—molyb- 
denum arcing tip may be removed as a 
unit to permit ready access to the primary 
contact fingers. The upper studs may 
have either vertical or horizontal bars 
extending through the panel to the rear 
for ease in making main connections. 
Each primary contact finger, of which 
there are three, has pivoted therein a 
spring guide through which a strong com- 
pression spring acts on the contact finger 
rather than seating the stiff spring di- 
rectly on the finger, as was done formerly, 
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Figure 13. Directional-trip magnet structure 
showing dustproofing cover over armature 


This permits the fingers to adjust them- 
selves more readily in positions to give 
low contact drop. Primary contact 
fingers now may be removed for in- 
spection, if necessary, or replaced from 
the front without removing the whole 
stud, thus leaving main connections 
undisturbed, an improvement over the 
original construction. 

From the primary fingers, main current 
is carried through silver contacts to the 
bridge to the lower stud. Advantage is 
taken of the magnetic forces set up by 
the current being carried through the 
breaker to increase pressure at all con- 
tacts, but as further insurance against 
pitting at the lower contact, the bridge 
is connected by a flexible copper braid 
to the lower stud. The pivot in the 
bridge carrier which supports the bridge 
is also the pivot for a new arcing tip 
arm with a silver-molybdenum tip. This 
arcing tip is connected directly to the 
lower stud by an extension of the copper 
braid, previously mentioned, which con- 
nects the main bridge and lower stud. 
The arcing tip arm is adjustable for posi- 
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Figure 2a(left).One 
pole of AG-2 anode 
circuit breaker with 
new open-type arc 
chute with side plate 
removed. The curved 
steel runners permit 
rapid arc motion and 
keep metal vapor to 
a minimum 


Figure 12b (right). 
End pole of type 
AG-2 anode circuit 


breaker. End and 
front barriers re- 
moved 


tion, to secure proper operating sequence 
of main and arcing contacts. A strong 


spring biases the arcing tip toward the 


contact making position. 

Certain additional improvements have 
been made in breaker-pole mechanism 
which are the result of excellent field ex- 
perience. Notable among these is the 
addition of a dustproofing cover (Figure 
13) which protects the armature and pole 
faces of the directional trip device. 


Field Tests 


When anode-circuit-breaker tests are 
made at the site of a rectifier instailation, 
arc-back currents are created by short-cir- 
cuiting the rectifier by a suitable short- 
circuiting breaker; namely, one free from 
arcing during the closing stroke. The 
drop created by such a breaker is small 
and cannot be considered as representing 
the arc drop in the rectifier during actual 
arc-back. Asa result, the simulated arc- 
back current is increased and rises at a 
higher rate than the natural arc-back. 
But more important, the rectifier’s in- 
terrupting capacity is not made available 
to divide the resulting recovery voltage 
with the anode breaker. In other words, 
the entire burden of interruption, under 
slightly more severe conditions, is placed 
squarely upon the anode breaker under 
test. The ability of the anode breaker 
consequently is tested under quite pessi- 
mistic conditions. 

A typical test made at a large 650-volt 
(d-c) rectifier installation is shown in 
Figure 14. Curve F is the arc-back cur- 
rent of full magnitude which rises to 
79,000 amperes at a rate of 11,400,000 
amperes per second. The arc voltage is 
shown in curve B while the arc wattage 
is recorded in curve E which, measured, 
represents 82 watt-hours of energy. The 
crest current of the test circuit is 88,000 
amperes. The per unit megavolt-ampere 
of the circuit as described in the early 
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Figure 14. Typical simulated are-back test of 
the type AG-2 anode breaker on a large 
650-volt rectifier installation 


Curve A. Sixty-cycle timing wave 

Curve B. Anode-breaker voltage which 
shows the arc voltage (Eg) and the recovery 

voltage (Eg-+Ea) 
Curves C and D. Forward currents in the 
other anodes on the same wye 
Curve E. Anode-breaker watts. The peak 
wattage of this curve is 80,000 kw. 
The area under this curve represents 82 watt- 
hours (k=7.5) 
Curve F. Simulated arc-back current as 
limited by anode breaker. This current has a 
crest of 79,000 amperes in a circuit capable 
of 88,000 amperes at the initial peak 


Curve G. Voltage across the MC-5 air’ 


circuit breaker used to short the rectifier to 
create the simulated arc-back current. Same 
scale as curve B. 


part of the paper is 10.9. The energy con- 
stant k for the test is 82/10.9 or 7.5 
which may be compared with computed 
values of & shown on the figures. 

A simulated arc-back is shown in Fig- 
ure 15 where the value of 6 was deter- 
mined by the random closing of the rec- 
tifier short-circuiting breaker. Here 6= 
75 degrees. Interruption occurs promptly. 
Note the low arc wattage represented by 
trace E. Curve F exhibits a sympathetic 
arc-back on another phase of the same 
wye with maximum current of 75,500. 

“A case not uncommon during such a 
series of tests is shown in Figure 16. 
Here the arc-back is simulated by the ran- 
dom closing of the rectifier short-circuit- 
ing breaker at B= 153 degrees, thus giving 
rise to a small current peak which is suffi- 
cient to trip the breaker. Prior to con- 
tact parting, however, the current has 
started for the first major peak where it is 
throttled by the action of the arc voltage 
to an early current zero. Peak current= 
42.700. Arc energy =67 watt-hours. 

During such tests, simulated arc-backs 
are sometimes initiated later than 170 de- 
grees thus causing only a small reverse 
current to flow which trips the breaker 
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Figure 15. Performance of the AG-2 anode 

circuit breaker under simulated arc-back test 

when the short-circuiting breaker is closed 75 

degrees following the conducting period. (8 
close to 75 degrees) 


Same circuit conditions as in Figure 14 except 
different pole under test. Same calibrations 
as in Figures 14 and 16 


Curve A. Sixty-cycle timing wave 

Curve B. Anode-breaker voltage which 

shows the arc voltage (Eg) and the recovery 
voltage (Eact+Ea) 

Curve C. Simulated arc-back current’ as 
limited by anode breaker. This current has a 
crest of 51,700 amperes 
Curve D. Forward current in another pole 
of the same wye 
Curve E. Anode-breaker watts on the same 
scale as Figure 14 
Curve F. Forward current in another pole 
of the same wye which developed into a 
sympathetic arc-back of 75,500-ampere peak 


which was cleared by the same pole tested 


in Figure 14. Effect of rectifier drop is 
present in this curve 
Curve G. Voltage across the MC-5 air cir- 
cuit breaker used to short-circuit the rectifier 
to create the simulated arc-back current. Same 
scale as curve B. The 75-degree delay is 
measured easily from this trace 


producing only the smallest spark. Such 
cases are recorded under actual arc-back 
conditions. Frequently on test, because 
of the absence of the rectifier in the cir- 
cuit, such breaker trippings are followed 
by simulated arc-back currents after the 
intervening conducting period which are 
interrupted by the ‘“‘pretripped” breaker 
under conditions representing a breaker 
having zero mechanical time. Such con- 
ditions are believed to be improbable 
during normal operation because of the 
healing provided by the rectifier during 
the intervening conducting period which 
prevents such “hyphenated” arc-backs. 


Conclusions From Tests 
A six-pole 750-volt anode breaker of 


simplified construction, embodying im- 
proved chutes of open construction, has 
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Figure 16. Simulated arc-back test in which 
the short-circuiting breaker closed 153 degrees 
following conduction resulting in a small 
initial current which tripped the breaker prior 
to the major rise of current 


The rapid introduction of the arc voltage 

throttled this current to a 42,/00-ampere 

peak. Arc energy, 67 watt-hours. A\ll cali- 
brations same as Figures 14 and 15 


Curve A.  Sixty-cycle timing wave 

Curve B. Anode-breaker voltage which 

shows the arc voltage (Eg) and the recovery 
voltage (Eae+ Ea) 


Curves C and F. Forward current in other . 


poles on the same wye 
Curve D. Simulated arc-back current in pole 
under test 
Curve E. Anode-breaker watts 
Cure G. Voltage across the MC-5 air cir- 
cuit breaker used to short-circuit the rectifier 
to create the simulated arc-back current. Same 
scale as curve B 


demonstrated its ability to interrupt : 


safely, repeated arc-back currents rising 


to 90,000 amperes at rates of rise in ex- : 


cess of 11,000,000 amperes per second. 


Peak currents in all cases have occurred ' 


in less than one-half cycle. After more 
than 100 tests at such currents, the con- 
tacts have been found in relatively good 
condition and the breaker required no im- 
perative maintenance. 

A contact of simple sturdy construc- 
tion, employing no blowout coils, and 
assisted by a streamlined arc chute of 


high dielectric strength, enabled the: 
development of a rapidly rising arc-volt-. 
age characteristic of high magnitude: 
Properly in-. 
troduced into the circuit by the action of 
a magnetic trip and a high-speed mecha-- 


which is extremely stable. 


nism, thisarc-voltagecharacteristic creates: 
an over-all performance having optimum 
qualities with respect to established! 
criteria of circuit interruption. A new 
and fundamental approach to the anode- 
breaker problem has been presented 
which enables the effect of controllable 
factors to be visualized and weighed with 
respect to over-all performance. In each 
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Figure 1. Lumped-tapered line 
_ impedance of each branch 


showing 


oupling points in a circuit which have 
different impedances. In submarine 
cable telegraph practice tapering has been 
Ppplied as an aid to duplex balancing to 
“obtain two-way working.? For this pur- 
pose the central portion of the cable is 
pews loaded, with the portion near each 
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Messninch as standard definitions applicable to 
tapered lines have not been established, the author 
“has used the term ‘‘characteristic impedance” as a 
‘general expression to indicate the impedance of a 
line of infinite length, whether the elements of the 
line are smooth or lumped. 

‘i 


case it enables the designer as well as 
the industrial engineer to interpret oscil- 
lograph records properly and to under- 
stand with greater assurance the per- 
formance of this important protective 
equipment. 


References 


l. A New Mouttiete Hicu-Sprep Arr Crrcuir 
BREAKER FOR MERCURY-ARC-RECTIFIER ANODE 
CIRCUITS AND ITs RELATION TO THE ARc-BACK 
PROBLEM, J. W. Seaman, L. W. Morton. AIEE 


FONE 1945, VOLUME 64 


eo 
end nonloaded and the intermediate sable: 


taper-loaded. 


Exponential Tapering 


The subject of tapering may be de-— 


veloped most simply by first presenting 
the solutions for the exponential plan. 
It is assumed here that the line parame- 
ters, for sinusoidal currents, follow: 


Line series impedance per unit 


of length = Z,=R,+jol,=Zye™ (1) (1) 
Line shunt as os per unit 
of length = Y,;=G,+jwC,= Ye" 


in which x is the distance along the line, 
and a, Yo, and Zp are constants: a may be 
positive or negative, corresponding to 
impedance which increases or decreases 
with distance from the origin. 


At any point along the line, the voltage | 


and the current bear the relation 


dE aI 
aE oy tr and = VoGuenks 
x 


dx © 


The solution of these is 


by (0+-a/2) e(—9+a/2)z 
SE 
Yo . 
: bo(—9-+a/2) €O+a/2)2 
Yo 


E= 
(3) 


T=b,e(— 9-4/2) 24 p, ¢(0—a/2)z 


in which 0; and b2-are constants, and 
0=V VoZo+a2/4 

From these the next expressions fol- 
low directly: The characteristic im- 
pedance at any point x, looking away 
from the origin, is 


(4) 


In a line of length x terminated in its 
characteristic impedance, the ratios of 
received to sent voltages and currents are 


Ey _ e(—9+a/2)z and I, e(—9—4/2)z (5) 
8 s 


TRANSACTIONS, volume 61, 1942, November sec- 
tion, pages 788-96. 


2. A Fast Circurr Breaxsr, D. I. Bohn, Otto 
Jensen. AIEE Transactions, volume 61, 1942, 
March section, pages 165-8. 


3. REcTIFIER FauLT Currents, C. C. Herskind, 
H. L. Kellogg. AIEE Transactions, volume 64, 
1945, March section, pages 145-50. 


4, A Macnetic-Typr Arr Crrcuir BREAKER FOR 
15,000-VotT Ssrvices, L. J. Linde, B. W. Wyman. 
AIEE TRANSACTIONS, volume 63, 1944, March 
section, pages 140-44. 


5. Geometry or Arc INTERRUPTION, E. w. 
Boehne. AIEE Transactions, volume 60, 1941, 
pages 524-32. 


Milnor—The Tapered Transmission Line 


ing from the origin is sa 


Cs ok Ze Mbcothoete/2) oF 
4 @-coth gx—a/2+ YZ ,e~% 


The ratio of received to sent neste ist” 


E, = 0Z, 22/2 J . ‘ ; ra ‘Pint 
E, 02, cosh in Cae + az,/2) ‘sinh 6x ‘a 
: ee 


- 


Montene to Wire-Line Tapering 


Since the exponential tapering Pay = 
of a specified changing with distance of — 
both the series impedance and the shunt | » 
admittance, it is not directly applicable _ 
to the usual wire line. However, com- | 
plete freedom may be obtained as to the — 
manner in which either the shunt admit- 
tance or the series impedance (but not ss 
both) vary along the line, while retaining = 
the advantages of exponential tapering, = 
by the expedient of assigning x to Tepe: saa 
sent a suitable function of the distance — i 


along the line rather than the distance __ 
itself. If the function be analytical, the 4ie 
resulting differential equations are capable _ a 
of solution, orinanycasethe performance —_ 


may be determined by proper substitu- 
tions in the results given for the expo- 
nential tapering. The determination of 
the proper function is facilitated by 
noting, by integration of equations 1, 


Total series impedance from origin to 


Zz , 
point x=— (€7”—1) 5 
a ‘ 


(8) 


Total shunt admittance from origin 


Y, 
to point x=— (1— €= Fn) 
a 


Tapering of Line-Series : 
Impedance Only 


In wire-line or submarine-cable com- 
munication the most usual requirement is 
that in which the shunt admittance is 
unvarying with distance. This condition 
is met by equating the second of equa- 
tions 8 to YJ=Yl. Then 


OF 


1 
ghee es 1—al “a 1—al (9) 
in which J now represents the distance. 
along the line, and a may be positive or 
negative. The line parameters follow the 


tule: 


Zi=Z/(1—al)? and Y;= Yo (10) 


The characteristic impedance at a 
point /, looking away from the origin, is 
6+a/2 1 


Z.= 
‘i Yo 1—al 


(11) 


where 


6=VS VoZ)+a2/4 
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Figure 2. Characteristic impedance _ of 
smooth-taper-loaded line ignoring losses 


A—l\maginary component 
B—Real component 


In a line of length / terminated in its 


characteristic impedance, the ratios of 
received to sent voltages and currents are 
Bp Z De oa 

—=(1—al)a— # and = (1 By at 2 


s 


- Values of the sending-end impedance 
and of the ratio of received to sent volt- 
age, when a line of length / is terminated 
in an impedance Z,, may be obtained by 
inserting in equations 6 and 7 the value of 
x obtained from equation 9. 


(12) 


Lumped-Tapered Line 


The foregoing equations developed for 
the smooth-tapered transmission line, are 
applicable also to the lumped-tapered line 
at the lower frequencies, if the line is 
loaded. Such a line exhibits the usual 
cutoff at a higher frequency. To obtain 
the complete solution of the lumped- 
tapered line it is necessary to follow a dif- 
ferent method. 

A lumped-tapered line which permits 
ready mathematical solution may be 
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progression. ‘Such a line 
units i is shone in Figure 1. ae: 


ae ies iach for fee purpaee is con- 
sidered to be terminated in an impedance 
equal to (1+a)Z,. The coefficient of 
tapering a of the lumped line may take 
any value between —1 and +o. The 
resulting characteristic impedance at the 
head of the line is 


fee 
2 2 
YZ\ a? YZ\2 
vacro( 1442 )42(1+22) f 


Y(i+a) 


: (13) 


The ratios of received to sent voltages 
and currents across each unit in a long 
line are 


Swe ¥ (14) 


Es 
Te 1, 


TOF) 
+5 fel tas alae 
qrza+o (4) 2) 


(15) 


Properties of the Tapered Line 

The plans of tapering described herein, 
as well as others which may be derived 
from the exponential. taper, are preferred 
forms. Aside from the comparative ease 
of mathematical analysis, they have the 
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capactitive or inductiv 
the sign of a, near and below the c 
This is illustrated in Figure 2. 
Where the tapered line is lu 
the line, if long, behaves like a 
filter. The lower frequencies are | 
cause of the tapering; the higher | 
quencies because of the lumping. 
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HERE ‘HAS BEEN considerable 
discussion and differences of — opinion 
Telative to the significance of insulation- 
ssistance measurements. Numerous in- 
estigations have been made and investi- 
‘gators have placed varying degrees of im- 
‘portance on their findings.!.2.3.4 Never- 
theless, insulation-resistance measure- 
‘ments are used widely as a nondestructive 
insulation test to aid in judging the suit- 
ability of machine windings for proof test 
or for service. Therefore, data.on average 
values and normal spread of the insulation 
‘resistance of new insulation are of general 
interest. It is the belief of the authors 
that in order to interpret properly insula- 
tion-resistance data, a sufficiently large 
number of machines must be examined to 
permit statistical analysis.5® Further- 
more, insulation studied must be segre- 
gated according to detailed construction 
since broad insulation classifications such 

as AIRE class A or class B do not specify 
4 i ccssarily the order of insulation resis- 
tivity. Also, the effect of other important 
factors such as temperature and physical- 
design characteristics must be considered. 
a Many of the data that have been pre- 
sented heretofore have been obtained from 
machines in service. Many of these ma- 
chines were of older vintage and the in- 
sulation-resistance data thus obtained 
therefore have been on older-type insula- 
tions at an advanced stage of the insula- 
tion life expectancy. Although these data 
are of value, they cannot be used properly 
as a basis for arriving at conclusions rela- 
tive to newer-type insulation, particularly 
on such insulation in the earlier stages of 
its operating life. A need was felt, there- 
fore, for an investigation of the insulation- 
resistance characteristics of new machines 
before leaving factory. Accordingly, data 
are given on approximately 1,000 new 
a-c synchronous and induction machines 
of ratings 1,000 horsepower and above. 

Insulation resistance of rotating ma- 


Paper 45-49, recommended by the AIEE committee 
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- Absorption Characteristics of Large 
' A-C Stator Windings 
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chines is known to vary over what appears 
to be relatively wide limits and depends 
on a number of factors. Certain of these 
factors are related to the manner in which 
the measurements are made, and others 
depend upon the nature of the insulation 
material and its structure. The absorp- 
tive’ nature of machine insulation, the 
effects of temperature and moisture gen- 
erally are recognized. Attempts have 
been made to standardize testing tech- 
nique, to take into account the nature of 
the insulating material and design char- 
acteristics of machines. This was done 
with the hope that when correction was 
made for these variables, other factors 
which might give a clue to insulation con- 
dition would be apparent. The ultimate 
aim of work of this kind is to enable one 
to obtain by measurements of insulation 
resistance and study of dielectric-absorp- 
tion characteristics useful information rela- 
tive to the possible existence of condi- 
tions in the insulation which might lead to 
eventual failure in service. Present indi- 
cations are that insulation-resistance 
measurements are useful principally for 
determining moisture condition of the in- 
sulation. 


Scope of Work 


As a necessary preliminary to such an 
effort it is essential to analyze insulation- 
resistance data on a large number of ma- 
chines to determine normal variations. 
These data must be taken in a consistent 
manner and an attempt should be made 
to correct for known factors which affect 
the insulation resistance. The scope of 
this work has been to obtain and analyze 
such data on a large number of stator 
windings, all of the same general class. 

The slot or ground insulation of all the 
machines studied was mica. It was, how- 
ever, applied in such a manner as to pre- 
sent four types of insulation as: 


1. Paper-backed sheet-form mica slot in- 
sulation, with end turns insulated with 
treated cloth tapes. 


2. Glass-backed sheet-form mica slot in- 
sulation, with end turns insulated with mica 
tapes. 


3. Mica tape applied continuously over all 
portions of coils, impregnated in synthetic 
varnish. 


4. Asphaltum-bonded mica tape applied 
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continuously over all portions of coils, im- ie 


pregnated with an asphaltum compound. 


In the foregoing grouping, number 1 
represents class A insulation for which 
cotton tape is used for a coil binder. The 
other groups, 2, 3, and 4, are class B in- 
sulation for which coil binding tape is of 
fiber glass. . 


Temperature Corrections 


There is a need for more insulation re- 
sistance-temperature data since measure- 
ments in general may be made over a wide 
range of temperatures and for purposes of 
comparison, must be referred to a common 
temperature. Also, present standards do 


not specify how insulation temperature 


shall be determined. Insulation-resist- 
ance measurements with insulation at a 


uniform temperature of 75 degrees centi- _ 


grade would not be expected to be the 
same as measurements made with ma- 
chine at an operating temperature of 75 
degrees centigrade because of temperature 
gradient existing in the insulation. Either 
some uniform method of determining in- 
sulation temperature applicable to all 
machines or the practice of making meas- 
urements at ambient temperature condi- 
tions and correcting to a base temperature 
seems desirable. Examination of ma- 
chine temperature-insulation resistance 
data available shows an approximate 
logarithmic variation of resistance with 
temperature. Synthetic varnish-impreg- 
nated mica insulation shows a change in 
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20 40 60 80 100 ~=—-: 120 
TEMPERATURE — DEGREES CENTIGRADE 
Figure 1. - Temperature-insulation resistance 
characteristics of asphalt-bonded mica-tape 
insulation 


Volume resistivity at 25 degrees centigrade 
after one minute of voltage application equals 
1.7109 megohm inches 
Ratio-volume resistivity after ten and one 
minutes of voltage application at 25 degrees 
centigrade equals five 
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0 4 8 12 16 20 24 28 32 36 40 
RESISTIVITY — MEGOHM-INCHES 
(MULTIPLY BY 107) 


Figure 2. Frequency distribution of volume 
resistivity measured after one minute of voltage 
application; groups 1, 2, 3, and 4 


Average volume resistivity equals 10.6107 
j megohm-inches 
Standard deviation is 7.410? megohm- 
inches 


resistance from 25 degrees centigrade to 

75 degrees centigrade of approximately ten 
~ to one. Asphalt-bonded continuous mica 

tape has a ratio of approximately 14 to 1. 
Since all insulation-resistance data re- 
ported here were obtained at or close to 
room conditions, temperature corrections 
were made to 25 degrees centigrade. This 
temperature was chosen because the tem- 
perature differences for which correction 
was necessary would then be small and 
chances of error due to inexact correction 
factors were minimized. 

Of interest in connection with tempera- 
ture-insulation resistance data are results 
of tests made on some asphalt-bonded 
mica coils. These coils had been condi- 
tioned in an oven for several months at 
approximately 100 degrees centigrade be- 
fore temperature-insulation resistance 
data were obtained. Insulation resistance 
was measured at 500 volts direct current 
and a microammeter with a stabilized 
negative feed-back amplifier was used for 
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Figure 3. _ Frequency distribution” "of ‘volume 


resistivity (one-minute value); group 1—class 
A with mica slot insulation 


Average volume resistivity equals 6.0107 
megohm-inches 
Standard deviation is 3.3107 meghom- 
inches 
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slope with a double inflecti ni re 
of 40 to 80 degrees centigrade i is ob tained 


on measurements made after one to t n 


Bireeinailaton resistanoieleee at steady- 


state conditions (after 15 hours of voltage — 


application) is a straight logarithmic 
function as shown. Hill and Berberich 
reported that the ratio of ten-minute 
to one-minute resistivity on this type 
of insulation increases with temperature 
reaching a maximum in the range of 60 to 
80 degrees centigrade and then decreases 
with further increase in temperature.” 


Effects of Machine Size 


In order to put insulation-resistance 
measurements of all machines on a com- 
parable basis, effective insulation area and 
thickness data were obtained from the de- 
sign information. Based on the effective 
area and thickness data, the insulation 
resistance of all the stator windings was 
expressed on a resistivity per megohm 
inch of insulation basis. In making the 
corrections for physical size, effect of 
leakage over end windings was neglected. 
All measurements were from three phases 
in parallel to ground. 


Analysis of Data 


Frequency-distribution curves of in- 
sulation resistance as measured after one 
minute of voltage application for all 
machines surveyed and groups 1, 2 3, 
and 4 separately are represented in Figures 
2,3, 4, 5, and 6. All resistance measure- 
ments were made at 500 volts direct cur- 
rent using an electronic-type megohm 
bridge. Distributions obtained are ap- 
proximately normal. 

Average resistivity and standard devia- 
tion for above groups are as follows: 


Average 
Volume Standard 
Resistivity, Deviation, 
Megohms Megohms Per-Cent 
Groups 107 107 Dispersion 
ft, 2; 3, 
ANS Seas POAC aeseaetesecs cscs Mist ctn vintteeete 70 
WL veaatetels adtie SFOS. Bese Me ae Sis Suiccitde othaee 55 
OMe” aD OTe DO Oe ee cto teens Bi thas oats iter 42 
CERT DIO GitGacres sexta Bic Maiweiata seve abele 6 64 
DF ceed LS: Oath wes Sse dese eters 56 


Groups 2 and 3 both represent data on 
a large number of identical machines, 
whereas group 4 represents machines of 
widely different physical size and voltage 
rating. Whether the relatively larger 
standard deviation of resistivity values of 
group 4 results from this fact or is natu- 
rally inherent in the type of insulation it 
represents is not obvious. In any event, 
it is evident that even after corrections are 
made for temperature and physical-design 
characteristics there is a considerable 
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the fact that during the summer months: 


resistivity ene aimee ‘value me 24 
class B with glass-reinforced slot. insulation 


{ 


Average volume resistivity equals 13.5. 
i 


megohm-inches 


“ae rel 
real deviation is 5.6 by 10? megohm 1 * 
inches — 
spread in the insulation resisti ‘ 
Furthermore, the average resistivities 0: 
mica insulations having ‘somewhat di f-. 
ferent form or treated differently vary b" 
as much as 2.5 to 1. Identical machiness 
built in the same factory have a range of! 
20 to 1. The machines of group 2 were: 
segregated into two groups according tox 
their season of manufacture (Figure oe | 
This segregation narrows the dispersion 
somewhat but it is still relatively broad. 
As shown, the ratio between winter- andi 
summer-built average is approximately, 
two to one. That a considerable part of 


this spread is due to small amounts off 
moisture in the insulation is evident from 


when moisture conditions are more severe, 
resistivities are appreciably lower. 


Dielectric-Absorption Characteristics: 


As is generally recognized, the insula- 
tion resistance of a stator winding will i in- 
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Figure 5. Frequency distribution of volume 
resistivity (one-minute value); group 3—clas 
B, continuous mica tape with synthetic-varnist 
impregnation 
Average volume resistivity equals 5. 8Xx1C 
megohm-inches 
. 


Standard deviation is 3.7107 
inches 
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0 4 8 12 16 20 24 28 32 36 40 
RESISTIVITY — MEGOHM- INCHES 
(MULTIPLY By 107) 
Figure 6. Frequency distribution of volume 
resistivity (one-minute value); group 4— 
spies B, asphalt-bonded continuous mica tape 
ql with asphalt impregnation 


Average volume resistivity equals 15. 0107 
‘ megohm-inches 


‘Standard deviation is 8.4107 megohm- 


: inches 

‘crease with time of application of voltage. 
This variation is caused by the electri- 
cation or ‘‘dielectric-absorption’”’ effect 
m the insulation and is a function of the 
nature and condition of the insulation. 

_ The shape of this absorption curve was 
studied on the machines surveyed and it 
was found that in general the first part of 
the curve plots as an approximate straight 
line on log-log paper and would therefore 
have an equation of the form: 


: R; =R,t” 


where 


R,=insulation resistance after ¢ minutes of 
voltage application 
_R,=insulation resistance after one minute of 
voltage application. 
t=time in minutes 
n=slope of curve on log-log paper 


Rio 
If tis taken as ten minutes, n=log — R 
1 


or the logarithm of the ratio of the ten 
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Figure 7. Frequency distribution of insulation 
resistance (one minute); group 2 


A—Summer-built machines 
Average is 146 megohms 
Standard deviation is 42 megohms 
B—Winter-built machines 
Average is 265 megohms | 
Standard deviation is 80 megohms 
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and one minute readings of insulation re- 


sistance. The insulation resistance finally 
becomes constant and the slope of the ab- 
sorption curve then is, of course, zero. 

The ratio of the ten to the one minute 
insulation-resistance values at 25 degrees 
centigrade was obtained. Figures 8, 9, 
and 10 show the frequency distribution 
of the ratio Rio/R;. Figures 2, 3, 4, 5, 
and 6 previously referred to give the fre- 
quency distribution of R;. As shown in 
Table I, the dispersion of this ratio is 
considerably less than the dispersion in 
the value of R. 

It is thought generally that the steep- 
ness of the slope of the absorption curve 
as well as the magnitude of the one-minute 
resistance is an indication of the dryness 
of a winding and that the steeper the 
slope the drier the insulation. Figure 11 
shows the variation of the average ratio 
Ri/ Ri with insulation resistivity for ma- 
chines of group 2. This group consisted 
of approximately 120 3,300-horsepower 
2,400-volt synchronous machines having 


‘fiber-glass-reinforced mica slot insulation 


with impregnation in synthetic varnish. 
The ratio Rio/ Ris seen to increase steeply 
at first and then flatten out and remain 
substantially constant over a wide range 
of insulation resistivity. This sort of 
variation seems to be characteristic at 
least of the insulations studied. Even 
coils of Figure 1 which were extremely 
dry, having an insulation resistivity of 
approximately 2109 megohms, have 
a ratio of five at 25 degrees centigrade. 
Although it is true that average values of 
Rio/ Ri are constant over a wide range in 
resistivity, individual values vary from 
approximately two to six over the whole 
range. Figure 12 shows average absorp- 
tion curves at 25 degrees centigrade 
plotted on logarithmic paper for ratios 
Rio/ Ry of 2, 4, and 6. 

In general, study of absorption charac- 
teristics shows that new machines as built 
with mica ground insulation have: 


1. Insulation resistivities at 25 degrees 
centigrade of the order of 10’ to approxi- 
mately 410° megohms. 


2. Insulation resistivities in the range of 
one to ten minutes which vary approxi- 
mately as a power function of time having an 
equation of the form R,;= Rt”. 


38. Ratios of Rio/Ri at 25 degrees centigrade 
vary from one to six over the complete range 
of resistivity. 


4. Average values of the ratio Rj)/R; are 


substantially constant over a wide range in 
resistivity and decrease rather sharply for 


lower values of resistivity. 


Minimum Insulation Resistance 


Insulation-resistance measurements are 
used widely and are considered necessary 
to give assurance that the condition of 


insulation is such that proof voltage test — 


can be made, to determine relative dry- 
ness of the insulation and to locate possible 
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Figure 8. Frequency distribution; ratio of 
insulation resistance as measured after ten and 
one minutes of voltage application (group 2) 


Average ratio is 4.0 
Standard deviation is 1.0 


weak spots resulting from operation or 
from application of proof voltage test. 
Insulation resistance-time curves or, 
correlated periodic one-minute readings 
on a given machine, have more signifi- 
cance in judging suitability of the insula- 
tion for test or operation. At the present 
time, the specification of precise safe 
minimum values of insulation resistance 
does not appear possible, particularly on 
broad general classes of insulation. As is 
evident from data presented here, which 
involves only one general class of ma- 
chines and one general type of insulation 
(mica), there is not only a wide spread in 
individual values of insulation resistance 
but also a spread of as much as two to one 
in the average resistivity, depending upon 
the specific type of mica insulation used. 
In addition to these factors, the specifica- 


Volume Resistivity After One Minute of 
Voltage Application—MegohmsX107 at 
25 Degrees Centigrade 


Ratio-Volume Resistivity After 10 and 1 
Minutes: of Voltage Application at 25 
Degrees Centigrade 


Standard Per-Cent Standard Per-Cent 
Group Average Deviation Dispersion Average Deviation Dispersion 
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tion of a safe minimum is further com- 
plicated by the following factors: 


1. Even assuming the dielectric strength of 
an insulating material generally decreases 
with decrease in resistivity, the voltage 
breakdown-resistivity relation is not the 


same for all materials and even for the same . 


material is subject to rather wide variation. 


2. Itcannot be assumed safely that the in- 
sulation resistivity of a machine is uniform 
so that in setting up safe minimums, an 
allowance must be made for possible non- 
uniform distribution of resistivity. 


The present AIEE formula which 
gives the order of insulation resistance to 
be expected is :*.9 


rated voltage 
rated kva 


+1,000 
100 : 


where 


R;=insulation resistance at 75 degrees 


centigrade 


Other formulas have been proposed by 
Wieseman which attempt to take into 
account type of insulation, average phys- 
ical-design factors, and which give in- 
sulation resistance in terms of voltage, 
kilovolt-ampere rating, and speed of ma- 
chines. The formula suggested for class B 
synchronous and induction machines over 
L090 kva is as follows: 


, Woltage+s, 600) (rpm) Vs 
kva‘/s 


R,=0. 


These formulas have a more logical basis 
than the present AIEE formula and in a 
general way do take into account phys- 
ical-design factors. They do not take 
into account in general the type of insula- 
tion, since class A or class B does not 
define necessarily the insulation with 
reference to insulation-resistivity charac- 
teristics. Various types of class B insula- 
tions can have different resistivities and, 
as is shown in this paper, even mica in- 
sulations with different fabrication as re- 
gards physical reinforcing material and 
treatment have different resistivities. 
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Figure 9 (left). 


Average ratio is 3.1 
Standard deviation is 0.9 


Figure 10 (right). Fre- 

distribution; - 

ratio of insulation resist- 

ance as measured after OO BIE 2 ae BP AR eS". 16) 7 

ten and one minutes of 

6 voltage * application; 
group 4 
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Average ratio is 2.6 
Standard deviation is 1.0 


These formulas, however, do give a better 
picture of the order of insulation resist- 
ance to be expected. One criticism which 
has been made is that the formulas are 
more complicated involving fractional 
powers, and that this would necessitate 
in general the reference to charts or 
nomographs for the calculation of resist- 
ance. For the average maintenance man, 
this appears to be a valid criticism. 


RATIO— Rig TO R, 
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RESISTIVITY — MEGOHM-INCHES 
(MULTIPLY BY 107) 
Figure 11. Average ratio of insulation resist- 
ance (ten-minute value/one-minute value) as 
a function of insulation resistance measured 
one minute after voltage application; group 2 


INSULATION RESISTANCE AFTER ONE MINUTE 
OF VOLTAGE APPLICATION EQUALS UNITY 


| 2 3 
TIME — MINUTES 


4 5 10 


Figure 12. Average insulation-resistance— 

time curves as a function of ratio of insulation 

resistance measured after ten and one minutes 
of voltage application; group 2 
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characteristics. However, normal 
tions existing in insulation resi 
physical-design factors, and other un 
tainties are such Lah, a Ceara lin 


is dctually as descriptive of the der of 7 
insulation resistance to be expected, as — 
more complicated formula. For class B 
synchronous and induction machines over 
1,000 kva, the following formula is sug- 
eed) 


’ 


(E+3,600) (rpm+1,400) 


R;=0.0 
pev INS (kva+5,000) 


Figure 13 gives a comparison of thell| 
Wieseman formula and the suggested — 
linear approximation. 


» 
Summary | 


Insulation-resistance and  dielectric- 
absorption data have been presented 
which give a comprehensive picture of | 
average and normal spread in insulation — 
characteristics of new large a-c synchro-__ 
nous and induction machines having mica — 
insulation. Dielectric-absorption char- — 
acteristics have been analyzed. Average 
curves and normal variations are given. - 
Ratio of insulation resistance at 25 degrees 
centigrade as measured after ten minutes 
and after one minute of voltage applica- 
tion has been found to increase from one, 
for relatively moist windings, to approxi- 
mately four, for moderately dry windings, | 
and then to remain substantially constant 
over a wide range in insulation resistivity. 
Ratio for well-dried insulation is of the 
same order. 

Average temperature-insulation re- 
sistance characteristics for machines based 
on data available are given. Tempera- © 
ture-insulation resistance characteristics 
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LINEAR FORMULA: 
Rj =0.006(E +3600) ——————_. 


WIESEMAN FORMULA: 
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Rio. ———— 


(0) 20 40 60 80 
KVA (MULTIPLY BY 103) 
Figure 13. Comparison of Wieseman formula: 
and suggested linear approximation 


Ratio of proposed linear approximation to 
Wieseman formula for minimum insulation rea 
sistivity 
A-c synchronous machines 1,000 kva and 
above 


ELECTRICAL ENGINEERING 


~ 


5. B. CRARY 


MEMBER AIEE 


e 
- : 
EREQUENCY CHANGERS have 
been discussed at various times during 
he past 20 years.!2 At the 1944 AIEE 
“summer technical meeting there was pre- 
“sented a thorough analysis of the design 
and operating characteristics of a new 
-20,000-kw electronic frequency changer. Sal 
its installation, together with increasing 
‘interest i in railroad electrification for the 
immediate postwar period, has resulted 
in a renewed interest in frequency chang- 
ers. 

__A survey® of a-c public-utility gener- 
: ating capacity as of January 1, 1941 in- 
dicates that there exist in the United 
‘States 3,250,000 kw at other than 60 cy- 
‘cles or about eight per cent of the 
40,000,000 kw of total installed generating 
capacity. Of this odd-frequency capacity 


Paper 45-34, recommended by the AIEE committee 
on power generation for presentation at the AIEE 
winter technical meeting, New York, N. Y., 
January 22-26, 1945. Manuscript submitted 
November 25, 1944; made available for printing 
December 13, 1944. Presented originally at a 
‘meeting of the AIEE New York Section, New 
“York, N. Y., October 18, 1944. 


‘S. B. Crary is in the central station engineering 
‘divisions and R. M. Eas ey is in the central station 
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(other than 60 cycles) about 70 per cent is 
at 25 cycles. There also exist in this 
country 4,000,000 kw of public-utility- 
owned frequency-changer capacity of 
which about 80 per cent is 25-cycle. 
These odd- ‘frequency systems are in 
general decreasing in size except for ad- 
ditions to large existing industrial 25- 
cycle systems, particularly steel mills, and 
for new capacity for a-c railroad electri- 
fication. The steel mills and railroad 
electrifications represent the greatest po- 
tential users of large frequency-changer 
equipment. 

Frequency-changing equipment falls 
into two general classifications as shown 
by Table I, synchronous tie and nonsyn- 
chronous tie. The general classification, 
synchronous or nonsynchronous, deter- 
mines the essential system power-flow 
characteristics. As shown, there are 
available different types of frequency- 
changer equipment for obtaining either 
type of system performance. It then be- 
comes a matter of engineering, amenable 
to analysis, as to which is the best type of 
frequency changer to use for a given ap- 
plication. It is the purpose of this paper 
to outline the important features of the 


of well-dried asphalt-bonded mica insula- 
tion are given as a function of various 
times of voltage applications. Indications 
are that variation of absorptive current 
with temperature for asphaltic-bonded 
mica insulation does not even approxi- 
mate “a simple logarithmic function. 
Considerations involved in the proper 
selection of a.safe minimum value of in- 
sulation resistance are discussed. A 
linear formula which takes into account 
effects of speed, kilovolt-ampere rating, 
and voltage rating, with adequate pre- 
cision when consideration is given to other 
variations involved, is suggested for large 
class B a-c induction and synchronous 
machines. 

Work is being continued on the study 
of variations involved and significance 
which may be. attached to insulation- 
resistance measurements. Others should 
be encouraged to engage in similar activity 
with emphasis on obtaining a sufficient 
amount of data to permit statistical evalu- 
ation of results since spot readings have 
proved of little value in the past. Such 
data, obtained from a number of manu- 
facturers and correlated with periodic 
data obtained on machines during service 
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life, would aid in a better understanding 
of the nature and significance of insulation 
resistance measurements. 
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different ered including relative costs. 
and losses. 


Synchronous Tie 


The synchronous-tie type of equipment 


‘ 


provides a link between the two systems 


which responds to kilowatt load changes 
on either system similar to that of a 
transmission tie line. That is, if a load 


change occurs on one system, a kilowatt. 


change occurs through the frequency- 
changer set which is dependent upon the 


relative governor and supplementary-— 


governor control regulation of both sys- 
tems. For example, if two systems of 


equal size are tied together by a synchro- 
nous-synchronous tie and each system 
has the same capacity in generation under 
governor control with equal governor 
regulation and load characteristics, a load 


Figure 1. Characteristic of a syn- | are | 
chronous tie 
(") 
ay 
AP, =——-——~_ AP. 
ge) 
ay a2* 
where 


a, = system speed regulation of system 1 


"a2 =system speed regulation of system 2 


Gi=generating capacity of system 1 in kilo- 
watts 

C2= generating capacity of system 2 in kilo- 
. watts 


Figure 2. Characteristic of a non- 
synchronous tie 


(=) 
(ME)E)(C)() 


where 


APy= AP» 


a, =system speed regulation of system 1 
a2=system speed regulation of system 2 
a,=speed regulation of tie 


Cm generating capacity of system 1 in kilo- 
watts 

C.= generating capacity of system 2 in kilo- 
watts 


C,=tie capacity in kilowatts 
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EXCITER EXCITER 


SYNCHRONOUS 
SYNCHRONOUS 


FRAME 
SHIFTER 


‘Figure 3. Synchronous-synchronous 


increase on one of the systems will result 
in about 50 per cent of the load increase 
being transferred through the synchro- 
nous tie. If the load change is relatively 
slow, automatic or manual supplemen- 
tary control of the governors of both sys- 
tems—one system holding frequency, 
the other holding tie load—may be used 
to control the amount of load change 
through the synchronous tie. This is no 
different from the present use of fre- 
quency and tie line load controllers for 
transmission lines. If the ratio of the 
system sizes is, for example, ten to one 
with the same percentage system speed 
regulation for each system, the smaller 
system representing the 25-cycle system, 
and the larger system the 60-cycle system, 
a load change on the 25-cycle system will 
result in about nine-tenths of the load 
change being transferred through the 
synchronous frequency-changer set to 
the 60-cycle system. However, if there is 
in the smaller system sufficient generating 
capacity provided with adequate supple- 
mentary control, the load change through 
the synchronous-tie frequency-changer 
set may be limited. 

The general power-flow characteristic 
of a synchronous tie is shown in Figure 1. 
The system speed regulation (a; and a) 


Figure 4. A 20,000-kw 60/25-cycle hy- 
drogen-cooled synchronous-synchronous 


frequency changer used to interconnect a 
25-cycle steel-mill system with a 60-cycle 
power system 
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may be taken 
ernor regulation or the 


mentary control regulation © lepe: t Aig = 
upon the time after the load change has. 
If the change- is relatively “ 


occurred. 
rapid, the power flow before the governors 
have had time to effect a change can be 
determined simply by 


when the same effective inertia per kilo- 
watt of generating capacity is assumed. 

The control of power through the syn- 
chronous tie is determined by the rela- 
tive generating capacity under governor 
control of the two systems, the size and 
rate of application of a load change, and 
whether or not supplementary control is 
used for control of the frequency-changer 
load. 

Where the loads are not highly variable, 
it has been found possible to use syn- 
chronous-tie frequency-changer capacity 
of only ten per cent of the smaller system 
and to obtain satisfactory operation by 
manual control or load dispatching of the 
governors of the smaller system. How- 
ever, when the loads are large and vary 
rapidly, it becomes more difficult to keep 
a synchronous tie in synchronism, par- 
ticularly one whose capacity is small rela- 
tive to the magnitude of the suddenly ap- 
plied load change. For any given case, 
performance may be predetermined with 
good engineering accuracy by analysis. 


Nonsynchronous Tie 


The nonsynchronous tie is one which is 
capable of confining large and rapid load 
changes to one system. If the load varia- 
tions are large so that they would be ob- 
jectionable, for example, to the larger sys- 
tem, they may be confined to the smaller 
system by a nonsynchronous tie. On the 
other hand, the smaller system which has 
the objectionable load is subjected to a 
considerably larger frequency deviation 
and greater change in its generator load- 
ing than if the tie were synchronous. 
Although operating companies object to 
large rapidly varying loads, the design of 
interconnected systems has progressed so 
as to permit taking on these varying loads 
with less and less difficulty. 
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fined to where they originate. T he typ 


suntan tee are 1 
and important differenc 
synchronous and the n 


(a). With the eee eee the 
varying load changes are shared © 
systems, the larger system taking the 
part of the variation. 


(b). With the nonsynchronous ‘ia 
rapidly varying load changes can be 


nonsynchronous tie determines the de 
of this isolation for different rates of load 
application. 


An essential characteristic to keep in 
mind is that it is simpler to parallel sy: a 
chronous-tie equipment with the same 
type of tie capacity. Similarly, the us 
of nonsynchronous tie equipment ten 
to perpetuate the use of this equipme 
when additional tie capacity is needed a 
a future time, since it is desirable to keeps 
the inherent speed regulation of the par- 
alleled ties similar. This is particularly 
true for rapidly varying loads. © 


Essential Features 


The essential features of the five types 
of frequency changers listed in Table ~ 
are as follows: : 

Synchronous—synchronous®: (synchro: 
nous tie). Figure 3. ; 


(a). This type consists of a synchronous 
motor and synchronous generator with theix 
individual exciters. It may be providec 
with a pilot exciter in the larger sizes anc 
-may have a starting motor. For 60 to 2& 

cycles the speed is 300 rpm, while for 60 tc 
50 cycles the speed may be 600 or 300 rpm 


(b). A frame shifter is usually provided on 
the 60-cycle end for parallel load division 
between frequency-changer sets. Frame 


Figure 5. A 30,000-kw 60-cycle three-phass 
to 25-cycle single-phase air-cooled syn: 
chronous-synchronous frequency changer usee 
to supply a single-phase 25-cycle railroae 
system from a 60-cycle power system 
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EXCITER 


SYNCHRONOUS 


; FRAME Bese len) 
Figure 6. Induction frequency converter 


lifters can be provided which allow for a 
of 16 to 24 mechanical degrees for a 
O-rpm set. This is sufficient range for 
aaa and paralleling. The angle 

in be changed over its complete range at 
rate of one mechanical degree (12 elec- 
trical degrees) in nine seconds. 


(c). Voltage regulators and _ excitation 

ystems are usually provided so as to obtain 
sufficient pull-out torque and kilovars to 
eet normal and emergency system re- 
uirements for the maintenance of system 
Be powe Under regulator control the pull- 

t power exceeds considerably the nominal 
mchronous-machine pull-out power, ap- 
Becaching 200 to 300 per cent of normal 
pending on system conditions. 


)). Sufficient kilovar capacity can be 
ovided to meet the load and system re- 
lirements at a relatively low cost per 
ovar. 


). A single-phase generator may be pro- 
vided at one end to supply single-phase 
load. In this case the stator of the single- 
phase generator is spring-mounted to reduce 
the transmission of vibration to the founda- 
tion and to reduce the magnitude of the 
alternating component of _ stator-bolt 
presses. 


Figure 4 shows a 20,000-kw 60/25- 
cycle hydrogen-cooled synchronous-syn- 
chronous frequency changer used to inter- 
connect a 25-cycle steel-mill system with 
a 60-cycle power system. 

Figure 5 shows a 30,000-kw 60-cycle 
three-phase to 25-cycle single-phase air- 
cooled + synchronous-synchronous fre- 
quency changer used to supply a single- 
phase 25-cycle railroad system from a 
50-cycle power system. 

Induction frequency converter-synchro- 
zous)4 (synchronous tie). Figure 6. 


(a). This type consists of an induction 
machine for the 60-cycle end and a syn- 
shronous machine for the 25-cycle end 
which has 35/60 of the kilowatt capacity 
x the 60-cycle induction machine. The 
-otor of the induction machine is connected 
xy slip rings through a transformer to the 
45-cycle system. This provides an elec- 
tical as well as mechanical tie between the 
}0- and 25-cycle systems. A direct-con- 
ected exciter is usually provided for the 
ynchronous machine. The 60—25-cycle 
et has a speed of 300 rpm. 


b). The synchronous machine may be 
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‘cooled cane fre- 
quency converter used 
to interconnect 60- 


and 25-cycle three- 


phase _— metropolitan 


systems 


used to provide kilovars and regulate the 
voltage at the 25-cycle end. A tap-changing 
transformer may be used for a limited 
amount of regulation of the 60-cycle bus 
voltage. 


(c). The kilovar capacity of this set is 
limited compared with the synchronous— 
synchronous set. Under fault or emer- 


gency conditions, however, this set is able - 


to transfer kilovars from one system to 
another. It is, therefore, well suited for 
connecting together closely coupled systems 
so that one system can support the other 
in case of a fault or overload. This type of 
frequency changer found application in the 
days of synchronous converters and before 


Table I. Classification of Important Types of 


Frequency Changers 


=, 


Approximate 
Kilowatt 
Capacity 
Installed in 
: United States 
Type 


Since 1928 
Synchronous tie 
Synchronous-synchronous........... 585,000 
Induction frequency converter—syn- 
GHLONOUEL PAS wit. FAs ee ees 15,000 
Nonsynchronous tie 
Induction—synchronous load-regu- 
Rati ern te AsciatMiee won, oc cuties 110,000 
Electronic load-regulating........... 26,600 
Induction -synchronous............. Negligible 


generator voltage regulators were so gener- 
ally used. 


(d). This type of set may be provided 
with a frame shifter for parallel load divi- 
sion. 


(e). It is not well suited for supplying 
single-phase loads as a phase unbalance 
would be reflected into the three-phase 
system. 


Figure 7 shows a 40,000-kw 60/25- 
cycle air-cooled induction frequency con- 
verter used to interconnect 60- and 25-cy- 
cle three-phase metropolitan systems. 

Induction—synchronous load-regulat- 
ing!,12,18 (nonsynchronous tie). Figure 8. 


(a). This type of set consists of a syn- 
chronous machine connected to one system 
with an induction machine connected to the 
other system. The induction machine re- 
ceives slip-frequency excitation from a 
regulating exciter which is in turn excited 
from a frequency-changing exciter. The 
induction end may be at either frequency. 
This type of set has, in general, the same 
speeds as the synchronous-synchronous 
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sets for a given frequency ratio, although it 
is not as rigidly limited in possible speeds. 
Installations up to 10,000 kw capacity have 
been made with rated speeds in the range 
of 500 to 514 rpm. ’ 


(b). Control of voltage and kilovar supply 
can be obtained at either end. It is some- 
what easier to obtain low power factor at 
the synchronous end. 


(c). Load control can be made sufficiently 
fast to meet the most severe requirements 
usually met in practice. 


(d). It can be used to supply single-phase 


load from the synchronous end. 


(e). Controlled frequency range is usually 
about plus or minus two per cent. 


Figure 9 shows a 10,000-kw induction 
synchronous load-regulating air-cooled 
60/25-cycle frequency changer set used 
for supplying an industrial 25-cycle sys- 
tem. 

Electronic load-regulating*-’ (nonsyn- 
chronous tie). Figure 10. 


(a). This type of frequency changer con- 
sists of rectifier and inverter elements with 
transformers, switches, and control. 


(b). Load through the frequency changer 
can be controlled so as to hold power 
through the frequency changer with rapid 
changes in system frequency and therefore 


60~™ 25% 


INDUCTION 
SYNCHRONOUS 


REGULATING EXCITER 
FREQUENCY .CHANGING EXCITER 


Figure 8. Induction-synchronous load-regu- 


lating 


this equipment is capable of isolating load 
changes of one system from another. 


(c). System kilovar requirements as well 
as the excitation kilovar requirements of 
the frequency changer set must be supplied 
by synchronous condensers or from system 
sources. 


(d). Because this set is excited from a 
system it requires system synchronous 
capacity to maintain the voltage and fre- 
quency within limits for proper rectifier 
and inverter excitation. 


(e). Recent improvements include use of 
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high-voltage pentode ignitrons® with auto- 
matic clearing and re-energization following 
inverter ‘‘shoot throughs.” 


(f). In case of power failure on one or both 

systems, the service may be quickly re- 
established by reclosing the line circuit 
breakers, provided the system voltages 
have returned to the range required for 
commutation. No resynchronization is 
needed as with many EDRs of rotating 
equipment. 


(g). This type of frequency changer, 
being a static equipment, is well suited to a 
design of an unattended station. 


Figure 12 of reference 3 shows a cross- 
section elevation af a 20,000-kw electronic 
load-regulating frequency changer. 


Induction-synchronous _ (nonsynchro- 


nous tie). Figure 11. 


(a). Consists of induction motor with a 
synchronous generator and exciter. 


(b). Allows for a departure in frequency 
' from one system to another with change in 
loading. Load transfer depends on de- 
parture from synchronous-frequency ratio 
and is not independent as in case of II-l 
and II-2 types. 


(c). Induction motor 
kilovars for excitation. 


requires system 


Important Applications 


It so happens that the most important 


future fields for the use of frequency- 
changer equipment, steel mills, and rail- 
road electrification, probably represent 
the most severe rapidly fluctuating loads 
to be encountered. 

Present railroad electrifications are 
characterized by large capacity in fre- 
quency changers relative to the generating 
capacity at the lower frequency. On the 
other hand, the steel-mill 25-cycle system 
may be relatively large compared to the 
frequency-changer capacity. This may 
be said to be the essential difference be- 
tween these two types of frequency- 
changer applications aside from the dis- 
tinction that the railroad electrification is 
usually single-phase. The distance tra- 
versed by railroad as compared with the 
concentration of load and availability of 
waste heat energy in the steel mill is one 
of the essential reasons why it becomes 
more economical in the former case to 
use a large capacity in frequency-changer 
sets relative to generating capacity at the 
lower frequency. In the case of the rail- 
road this allows a better utilization of the 
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ting air-cooled 60/' 95- 


cycle 
changer set used for 
supplying an indus- 
trial 25-cycle system 
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Figure 10. Electronic load-regulating 


railroad kilowatt diversity by high-voltage 
transmission of the power with the loca- 
tion of the 25-cycle supply not being de- 
pendent on sites having generating plant 
facilities. 

In the case of railroad electrification 
which uses a large frequency-changer ca- 
pacity relative to the generation at the 
lower frequency, there is no particular 
problem in keeping the sets in synchro- 
nism in spite of the severe railroad load 
changes provided the 60-cycle supply sys- 
tem has adequate transmission-line ca- 
pacity. The synchronous-synchronous set 
has the advantage of being separately 
excited by direct-connected exciters. 
This provides better voltage conditions 
along the 25-cycle transmission system 
following load changes than can be pro- 
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frequency _ 


ee ie te fervent the 
either at the lower or higher 


in the future as the development 
interconnected systems in the U 
States continues. rar 

On the other hand,-the steel-mill | 
cycle system may be relatively large com~ 
pared with the magnitude of the loa a 
change that is suddenly applied which ing 
turn may be large compared with the 
frequency- -changer capacity, particularly 
if there is a large strip mill. This ca 
represents the most severe type for t | 
use of a synchronous tie, since the total 
load change, if the 60-cycle system is is 
large, will be practically all transmitted 
through the synchronous tie. In the 
case of a steel mill this load may be sud. 
denly applied and removed in a few sec- 
onds (20,000 to 30,000 kw may be applie@ 
in 8 to 12 seconds), so that supplemen- 
tary control of the 25-cycle steel-mill gen+ 
eration would, only with difficulty, regu- 
late the flow of power through the tie 
This is an ideal case for making use of the 
rotating energy of the system if a rela 
tively large frequency change can be 
tolerated on the 25-cycle system. Also 
a small amount of the total load may be 
controlled by allowing the frequency t 
change within the control limits of the 
nonsynchronous tie, when the 25-cycle 
system includes a large rotating load! 
This case represents, therefore, an ideal 
situation for the use of a nonsynchronous 
tie. Either the induction synchronous: 
load-regulating or electronic type may be 
used, whichever most satisfactorily meets: 
the requirements of the particular case» 
The electronic frequency changer’s re+ 
quirement of receiving its excitation from 
the a-c supply system need not be a limi-+ 
tation in this case, although it would be in 
the case of railroad electrification where 
there does not exist a relatively cheap 
source of kilovar capacity. 

For conditions as outlined the large 
strip-mill load of a steel mill because of its 
character may be interconnected with 4 
large system by a nonsynchronous tie 
with the principal advantage of insulat- 
ing the 60-cycle system from the loaé 
changes of the steel mill. On the other 
hand, the railroad electrification can be 
supplied through a synchronous tie pro- 
vided, of course, that the 60-cycle sup- 
plying systems are sufficiently well inter- 
connected so as to remain in synchronism) 


: : : 
Economic Discussion : 


It seems in order to consider thes. 
same classes of equipment from an eco- 
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SYNCHRONOUS 


7 Figure 11. 


; Induction—synchronous 
4 
nomic standpoint and an attempt is made 
herein to cover such factors as relative 
- first costs and losses. Such factors as 
costs of foundations, costs of buildings, 
and the amount of first cost to be con- 
sidered as offset by evaluated loss savings 
_may vary within rather wide limits, de- 
pending on local conditions, customer’s 
ideas as to types of structures, load fac- 
tors, and soforth. Therefore, any figures 
set up by a manufacturer are open to 
" question and can be right ou for one set 
de of conditions. 
_ It is expected that the cost of installa- 
2 tion and foundation should favor the 
electronic equipment. If, however, the 
latter requires the use of synchronous 
condensers for system excitation the total 
installation cost with the electronic fre- 
* quency changer may be higher than with 
a rotating equipment. 
_ Since it is felt that the difference in 
switchgear will not decisively affect the 
‘comparisons, it will be left out of this 
discussion for the sake of simplifying the 
picture. 
- It is further recognized that within the 
scope of this paper it is impossible to cover 
completely all variations which may be 
encountered in actual practice. This re- 
fers to cases where excess kilovars may 
be available, where various types of 
starting are required for rotating equip- 


= 
m3 
en 


Table Il. 


‘i no =) 
ment, and so forth. Such data as are 
given hereafter will be given in such detail 
as to permit considerable flexibility in 
applying them to individual cases in Fass 
to make them most useful. \ 

Figure 12 has been prepared to show 
the relative costs of the various types of 
frequency-changer sets at 20,000 kw for 


_oOperation between 13,800-volt three- 
_phase 60-cycle bus and 13,800-volt three- 


phase 25-cycle bus. It is assumed that 
power flow in either direction will be 
required with full set kilowatt output, 
but that the generators of rotating equip- 
ments will be permitted to operate at in- 
creased power factor when motoring in 
order to stay within rated kilovolt-am- 
peres. In representing the various pieces 


of equipment going into the makeup of the ° 
‘rotating sets, the percentage is shown ad- 


jacent thereto in order to give a compari- 
son. Similar percentages are not shown 
for the electronic set because it is expected 
that these may change appreciably rela- 
tive to the rotating sets. Such figures, 
however, can be made available by the 
manufacturers when needed on a current 
basis. Thus it is possible from the figures 
to arrive at different combinations more 
applicable to individual problems. It 
will be noted that the synchronous-syn- 
chronous set has been chosen as 100 per 
cent (this without the starting motor in- 
cluded) and all other equipment is shown 
on this same base. A starting motor can 
be added to this set as shown in part A 
of Figure 12 at 3.4 per cent, or the cool- 
ers, exciters, and frame-shifting device 
may be omitted at the figures indicated. 


Transformers for stepping up from 13.8 
kv can be added directly to the rotating 
equipment at either end. At a capacity 
of 20,000 kw for the electronic equipment 
and below high-voltage values of 138 kv, 
it will be somewhat cheaper to combine 
these step-up transformers with the 
transformer reactor combination already 
included for 13.8 kv. At this kilowatt 
capacity the net effect of requiring trans- 
formers on the 60-cycle end of the rotat- 
ing equipment will be to increase its cost 
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relative to that of the electronic equip- 


ment approximately ten per cent at 23 
kv and 1.0 per cent at 115 kv. Adding 
transformers to the 25-cycle end will re- 
sult in differences about 50 per cent more 
than these. Larger sets will be slightly 
more favorable than this to the rotating 
equipment and smaller ones to the elec- 
tronic. 


SYNCHRONOUS-SYNCHRONOUS 
(Arr-COOLED) 


The synchronous-synchronous _ set 
sliown in Figure 12A consists of the fol- 
lowing: Neste sits 


One 25,000-kva 0.8-power-factor 13,800- 
volt three-phase 25-cycle synchronous gen- 
erator. 


One 23,500-kva 0.9-power-factor 13,800- 
volt three-phase 60-cycle synchronous 
motor. 


One generator exciter with motor-operated 
rheostat. 


One motor exciter with motor-operated 
rheostat. 


One common pilot exciter with manually 
operated rheostat. 


Surface air coolers (no duct work) and 
frame-shifting device for the 60-cycle unit. 


This represents 100 per cent. 

The starting motor shown as an added 
item at 3.4 per cent is a low-voltage ma- 
chine (2,200 volts or less). 


SYNCHRONOUS-SYNCHRONOUS 
(HypROGEN-COOLED) 


The hydrogen unit shown in Figure 
12B has main machines of the same rating 
as the air-cooled unit (although of smaller 
physical dimensions in order to take ad- 
vantage of improved cooling with hydro- 
gen as the cooling medium), does not have 
a frame-shifting device, but does have 
built-in surface gas coolers. It will be 
minus direct-connected exciters but it will 
be noted that an induction-motor-driven 
exciter set is shown separately, consisting 
of driving motor, two main exciters, and 


Summary of Frequency-Changer Characteristics 


Type of Frequency Changer 


Air-Cooled Induction Frequency 
Synchronous- Converter—Syn- Induction-Synchronous Electronic Induction- 
Synchronous chronous Load-Regulating Load-Regulating Synchronous 
t 
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Eective: kilowatt= Sudden changes.........00c0+% Ds cae ite sce eiay ns. ast sie Ny cie lrcens taka is toh afacg OF005 to lOSOL Te mies. ce O5t0, 50-5 Fe gaa 0.005 to 0.01 
Bpeed” regulation hgpu Chanves seri feces Qing Ataris ofan dhe es Onishi tive oom eee WG. Cys aa ees tore eae OY OPO sock cana 0.005 to 0.01 
Slow changes) . (She... s.5 0... Oe bdo chars ere Ug AES cig oe at ON ORO atv: onnctoeate hate OL £0)... 2 eereore 0.005 to 0.01 
Bee be fea te {t Se (OR elo nee, rity Seer OBO or as i hetrancenn tyne’ ate ca RED MCR ore Stars s.anehsks\s, 96 O £0. 5 otiacia pin fisisale 0 to 
REAL OLION IES oaks eels wste steie pe shales oS 5 Independent, both 
Onds 6828s ers Independent, one end; 


Eeelativie cost (20 O00) Lew). ?%ociveia< ace sis pss ocd are) oya on sips s 
Relative full-load losses (20,000 kw) ***............. 


system,oneend...... Independent, one end; 


system, one end 


EO) eorsartecs ais Cat datsie eae UPROAR OMMPI eysleCas, «asl a.0 sepels 1.30 
1.0 


.. Independent, one end; 
system, one end 


t+ Without supplementary governor control of system prime movers. 
t With supplementary governor control of system prime movers. 


* Greater than Scherbius plus transformers, 
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** Includes synchronous condensers for kilovar supply. 
*** Three-phase 60-cycles to three-phase 25 cycles. 
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ing special amortisseur winding and 
spring mounting to damp out mechanical 
vibrations due to the pulsations of the 
single-phase current. The third leg of the 


= ee isa Eos unit Hants 


7 winding is omitted as is usual. It will be 
noted that this equipment has a price of | 


4 
a 
120.5 per cent. A starting motor or auto- 
= transformer may be added. 


= INDUCTION-SYNCHRONOUS Loap- 
REGULATING 


o Figure 12D shows the variable-ratio 
* ‘rotating equipment and again the kilo- 
- volt-amperes, voltage, and power- factor 
ratings are the same as for Figure 12A, 
_ the a-c excitation equipment being de- 
signed to give 0.8 power factor overex- 
cited. This equipment also provides for a 
limiting relative spread between 25- and 
60-cycle system frequencies of plus or 
minus one per cent. Additional spread 
will increase the cost. Blowers are re- 
_ quired for properly ventilating the induc- 
tion machine and these are included. 
The equipment has a price of 129.7 per 
cent. A starting motor or autotrans- 
former may be added. 


INDUCTION FREQUENCY CONVERTER— 
SYNCHRONOUS 


Figure 12E shows the induction fre- 
quency converter-synchronous set. The 
60-cycle induction unit is designed for 
unity power factor but there is included a 
synchronous condenser to bring this to 
0.9 power factor. Therefore the over-all 
equipment is again comparable with 
Figure 12A since the 25-cycle generator 
is made 0.52 power factor to bring this 
end of the equipment to 0.8 power factor 
over-all. 

The total is 135.4 per cent. A starting 
motor or autotransformer may be added. 


ELECTRONIC LOAD-REGULATING 


Figure 12F shows the electronic equip- 
ment consisting of the necessary 25- and 

- 60-cycle transformers, the electronic con- 
verter, or rectifier, and the inverter, to- 
gether with synchronous-condenser equip- 
ment to correct the 60-cycle power factor 
to approximately 0.9 overexcited and the 
25-cycle power factor to approximately 
0.8 overexcited. (There is in addition 
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TRANSFORMER 


23500 KVA-O.9PF. 
13800 VOLT 
3 PHASE 
60 CYCLE 


MAIN EXCITER-1.7 % 
PILOT EXC-07% 


23500 KVA-O.9PR FE 


13800 VOLT 
MAI 
PILOT EXC. <1? % 3 PHASE 
EXC 04% 60 CYCLE 
SYNCHRONOUS 


1 Pah coat NK te 
a ae 
1235000 f ADD I 
KVA | 80% | 
|3 PHASE | FOR | 
' 60 CycLel 11S kv ! 
| 23/I3.8KV1 HIGH | 
Soe VOLTAGE 


e--——-—-—~—-J—~~_ _— ie 


‘(D) (129.7%) 


sufficient kilovar capacity to allow for ap- 
proximately a five per cent drop in volt- 
age on either system.) This equipment is 
actually two 10,000-kw units and there- 
fore for some installations may have defi- 
nite operating advantages in that either 
half may be shut down and the other 
operated independently. 
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; praignis i — abe: se Jone 
HYDROGEN COOLED SET - 


ot 


ab eee Uh es ee ae ? i; 2H 
(RATED AS ABOVE) BSA 


y= ett 
ie eee | j 


25000 KVA - 0.8 P.F 
13800 VOLT 
SINGLE PHASE | 
25 CYCLE 
SYNCHRONOUS 
GENERATOR 


16% 
25000 KVA 0.8 PF. = 


13800 VOLT = A.C. EXCITER 
3 PHASE 
25 CYCLE REGUL A- 

INDUCTION TING 

GENERATOR 


es ae 


% oy 
16.5% oe 
7 ‘ 
Lye \ 
e------ 7! Ve S > 
5 1 i] 
r-7 Fate ee 


= 
| ADD 121%| 25000 KVA | ig 


| FOR 1SKvI3 "onsen 


\ 

| HIGH | 23/13.8 KV: 7 
| VOLTAGE! TRANSFORMER | § 
| : 

aaa aa) — 
Rosca hs 5 | 
Figure 12 _ 
} 


It is recognized that the power factor z| 
correction as provided may not be re- 
quired but this is included to bring all 
equipments to a comparable basis. At | 
the present time, if it is assumed that the 
necessary 25- and 60-cycle reactive kilo- 4 
volt-amperes is available and need not be. 
charged against the electronic equipment, 


: 


Fini ENGINEERING 


INDUCTION 


BLOWER Al 


0.8% 


'- TUBE 


5000 KW 
CONVERTER 


CONVERTER 


* ats y= : Te eh Se ees Y i ? : ‘ 


5000 KW 
CONVERTER 


26.3% 


20000 KVA 
13800 VOLT 
3 PHASE 
60 CYCLE 
SYNCHRONOUS 
CONDENSER 


V(b 


1.4% 


/ 
Figure 12 (continued) 


the cost of the electronic equipment and 
transformers is greater than that of the 
rotating variable-ratio equipment plus its 
transformers. 

It might be noted that if reverse flow of 
power is not required a saving in the con- 
verter equipment is possible. Such a 
condition is rarely visualized in system in- 
terconnection but might be reasonable in 

_ supplying an isolated load. 

It should be kept in mind that the en- 
gineering problems involved in design and 
manufacture of rotating equipment have 
had the benefit of many years of study so 
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10 POLE 


SYNCHRONOUS 


“or Hy y Tsai A 


(E) (135.4%) 


ee Nie SSS 


) KVA- 0.52PF 


1.7%- MAIN EXCITER 
-4% PILOT EXC! 


5000 KW 
INVERTER 


10000 Kw 
3 PHASE - 25 CYCLE 


a 13800 /12970 
5000 kW VOLTS-ZIG ZAG 
INVERTER TRANSFORMER 


5000 KW 
INVERTER 


7 


10000 Kw 

3 PHASE- 25 CYCLE 
13800/ 12970 
VOLTS - ZIG ZAG 

TRANSFORMER 


5000 KW 
INVERTER 


ro------- 


30000 KVA 
13800 VOLT 


3 PHASE 
25 CYCLE 


SYNCHRONOUS 


J) 7 CONDENSER 7 


19% 


COOLER 


(F) 


that the probabilities of substantial cost 
improvements are not very great. On the 
contrary, the electronic equipment is at a 
much earlier stage of development. 
Therefore, it is fair to assume that sub- 
stantial improvements and cost reduc- 
tions may be possible in this type of 
equipment in the near future. - 


COMPARATIVE Costs AND LOSSES 
VERSUS CAPACITY 


At the present it is believed that rotat- 
ing equipment will be even more advan- 
tageous in sizes above 20,000 kw and 
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Pe Ae S 
b> 


“RATIO OF PER CENT LOSSES (FULL LOAD) 
TO PER CENT FULL LOAD LOSSES OF 20,000-KW 


“> De ee 
° - . 


somewhat less so in the smaller sizes, with | 
electronic most competitive at about 
5,000-kw sets. a 


Figure 13 is largely self-explanatory. © an 
Again the three-phase to three-phase air- 


cooled synchronous-synchronous set is 
considered 100 per cent. Shown thereon 
are relative per cent full load losses over 
the range of 5,000 kw to 35,000 kw for 
synchronous-synchronous, synchronous— 
synchronous hydrogen-cooled, rotating | 
variable-ratio, and electronic frequency- 


changerequipment. It will benoted that © = 
for the electronic a curveisshown forthe 


equipment itself exclusive of condenser — 
losses and at 20,000 kw a higher point — 
which includes losses in condensers used to” 
correct power factor to overexcited values 
comparable to those of the rotating sets. 

Figure 14 shows relative per cent no- 
load losses for the same sets. 

If it is assumed that 23-kv transformers 
are required on both ends of a 20,000-kw 
rotating variable-ratio frequency-changer 
set the relative per cent full-load losses 
including transformer losses would in-_ 
crease to 1.79 and the no-load to 0.794. 
These points are shown on the figures. 

In evaluating losses some consideration 
may also need to be given to cooling-— 
water requirements. Lower losses mean 
less cooling water if coolers are used and 
may be an economic factor if water is pur- 
chased. 

It is recognized that there are other ex- 


SYNCHRONOUS AIR-COOLED SET 


10,000 20,000 
SET KILOWATTS 


Figure 13 


30,000 


A—Variable ratio—rotating 
B—Variable ratio—rotating, including 23-kv 
transformer losses at both ends 
C—Electronic including equipment for re- 
active supply 

D—Synchronous air-cooled 

E—Synchronous hydrogen-cooled 
F—Electronic (less equipment for reactive 

supply) 
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ee which oe ea are not in a ne 


- position to evaluate. definitely, such as 
_ operation, maintenance, supervision, and, 
in the case of the electronic equipment, 


tube replacement. Experience with these 


particular tubes is not sufficient to give 
actual operating data on life. For sev- 


eral years similar heavy-duty power 


tubes have been sold with a three-year 
operating warranty and it is expected that 
experience with these tubes will be com- 
parable or in the order of three to five 
years’ operating life. 

The electronic frequency changer de- 


scribed in references 3, 4, 5, and 7 illus- 
trates a case most favorable to this type 


of equipment: the power supplies were 69 
kv and 44 ky, respectively; sufficient kilo- 
vars were already available at both the 
60-cycle and 25-cycle systems; an unat- 
tended station was called for; because of 
flood conditions in the proposed location 


the frequency changer had to be located . 


high above ground, a fact which favored 
a static equipment. These conditions 
may or may not be duplicated elsewhere 
and, therefore, the choice can be made 


only individually for each case. 


Conclusions 


1. There are now available several different 
types of frequency changers with a wide 


‘range of characteristics (Table II), which 


have been proved in service to meet the 
requirements of differing applications. 


2. The  synchronous-synchronous  fre- 


quency changer can be used when the 


sending-end system is sufficiently large and 
well integrated to absorb readily the load 
fluctuations of the receiving system. 


3. The synchronous-synchronous  fre- 
quency changer, in general, best meets the 
requirements for single-phase railroad elec- 
trification, where the single-phase generat- 
ing capacity is small relative to. the fre- 
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RATIO OF PER CENT LOSSES (NOLOAD) 
TO PER CENT FULL LOAD LOSSES OF 20,000-KW 


-COOLED SET 


POWER ConveRTER, 


; ; | man, AIEE Transacric 
as res omen pe Sie es 
5. PrntopE IGNITRONS 


SYNCHRONOUS AIR 


10,000 20,000 30,000 Converters, H. C. Stein : 
e ~ SET KILOWATTS Zuvers. AIEE TRANSACTIONS, volu 
Figure 14 _ October section, pages 693-7. 
i} 


6. History AND DEVELOPMENT ( 
TRONIC POWER CONVERTER, E. F, w. 
E. L. Phillipi. AIEE TRANSACTIONS, vo 
1944, September section, pages 654-7. 


A—Variable ratio—rotating 
B—Variable ratio—rotating, including 23-kv 
transformer losses at both ends 

C—Electronic including equipment for reac- 
tive supply 

D—Synchronous air-cooled > 

E—Synchronous hydrogen-cooled 

F—Electronic (less equipment for reactive 


supply) 9. 30,000-Kw Ourpoor FREQUENCY CONVERTERS _ 
' FOR SUPPLYING PENNSYLVANIA RAILROAD ELEc- 
TRIFICATION, W. B. Morton. General Electric Re- 
view, volume 35, October 1932, pages 510-16. ‘ 


7. DESIGN OF AN ELECTRONIC 
CuHancer, C. H. Willis, R. W. Kuenning { 
Christensen, B. D. Bedford. AIEE Transac Ons) i 
volume 63, 1944, pages 1070-8. As WI 


8. Directory of Electric Generating Plants, — 
January 1941, Federal Power Commission, Wash- I 
ington D. C.. : 


quency-changer capacity and the distance 


3 10. Economics oF FREQUENCY CHANGERS as 
traversed is large. 


APPLIED TO THE CHICAGO PowER SysTeM, E. L. 
Michelson. National Electric Light Association 
Bulletin, volume 19, October 1932, pages 595-600. 


11. INTERCONNECTION OF THE 25- AND 60-CycLE 
System oF THE UNION ELeEctRric LIGHT A ‘ 
Power Company, L. V. Nelson, E. L. Hough. 
AIEE TRANSACTIONS, volume 51, 1932, pages - 
113-20. { 


. 12. 40,000-Kw VaRIaBLE-RATIO FREQUENCY-CON- — 
quency changer while affected by economic verter InsTatarion, E. S. Bundy, A. Van Nie- 
factors including evaluation of losses, availa- kerk, W. H. Rodgers. AIEE TRANSACTIONS, — 
bility and cost of reactive kilovolt-amperes Volume 49, 1930, pages 245-56. 4 
on each system, and special conditions 13. INTERCONNECTION OF POWER AND RAILROAD > 
obtaining at the site which might affect pth eae ay oe es EREQuaNesa 

: : : HANGERS, NCKE. RANSACTIONS, © 
normal relationships of foundation costS Volume 47, 1928, pages 1056-69. : 
should be determined primarily by a thor- 


4 ; 14. A 0-K I FR - - 
ough analysis of system and set electrical Jaren, ed E. y Shirley: pyre ee neTIONS 
characteristics. | 


: volume 43, 1924, pages 1011-24. 


4, The induction synchronous load-regu- 
lating and the: electronic load-regulating ~ 
frequency changers best meet the require- 
ments for confining to one system the ob- 
jectionable load changes of that system. 


5. The selection of the best type of fre- 


| 
1 
| 
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U NNER 1 uses a new 


-gunsight lamp: that permits him to aim 


directly into the sun —blasting enemy planes 
4 


that otherwise would be invulnerable 


because of the blinding glare. 


On a railroad an ENGINEER gets 
smoother operation — and 25% more power 
— from his steam locomotive because of a 


revolutionary new steam turbine drive. 


. the name on the TURBINE DRIVE is I¥estinghouse. 


In an Army arsenal a BALLISTICS 
EXPERT photographs projectiles, smashing 


— 


— through armor plate, with an x-ray tube that 
takes a picture in 1/1,000,000th of a second. 


. the name on the X-RAY TUBE ts Westinghouse. 


On a carrier a PLANE DIRECTOR uses 
a new kind of elevator to hoist planes on 
deck faster — keeping the deck cleared and 
getting fighters into the air quicker. 


. the name on the ELEVATOR is Westinghouse. 


TODAY — Westinghouse skill in research and engineering 
house is constantly at work, developing new and better war ma- 
terials for final Victory. 


OFFICES EVERYWHERE 


PLANTS IN 25 CITIES 


Westingl 


TOMORROW — This same research and engineering skill 
will mean more dependable, more efficient industrial equip- 


Tune in: JOHN CHARLES THOMAS—Sunday 2:30 pm, EWT, NBC ment and appliances for the home, 
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Magnetic | es, 
Separators He 


(This is the third in a series of four advertisements discussing the major functions of permanent magnets) 


TRACTIVE EFFORT 
from 


PERMANENT MAGNETS 


The power to attract magnetic materials led 
to the discovery of the lodestone—the earliest 
known form of permanent magnet. The same 
force has served mankind, since antiquity, in 
the compass. This tractive effort is now em- 
ployed industrially in three ways. 


1. For holding and lifting magnetic materials. 
Magnetic materials are held in place for assem- 
bly or other operations, by means of magnetic 
chucks or jigs. Magnetic separators extract 
tramp iron or other magnetic substances from 
non-magnetic materials. They function in such 
devices as coin selectors in vending machines. 


2. To produce tension—replacing mechanical 
springs in various applications where tension 
in another form is required. This principle is 


PERMANENT MAGNETS MAY DO IT BETTER: 


used on thermostats, pressure controls, switches, 
and similar devices. 


3. To transmit motion without mechanical con- 
nections. Permanent magnets can reproduce 
motion from one part to another through a 
seal—as in the flow meter and other packing- 
less drives. 


Indiana Steel is the largest exclusive manufac- 
turer. of permanent magnets, established for 
over 35 years. Without obligation, our engi- 
neers will be pleased to consult with you on any 
of your problems involving their possible appli- 
cation. Write for copy of technical booklet: 
‘Permanent Magnets Have Four Major Jobs.” 


_ THE INDIANA STEEL — 
PRODUCTS COMPANY 


6 NORTH MICHIGAN AVENUE ¢ CHICAGO 2, ILLINOIS 


Specialists in Permanent Magnets Since 1910 


COPYRIGHT 1945, THE INDIANA STEEL PRODUCTS COMPANY 


Machines A 
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but here’s where 


@ At home the 7th War Loan is on... one mighty effort 
instead of the two we had up fo this time last year... a 
challenge to all of us in industry to get quickly and solidly 
behind our local bond drive. 

Sure — it’s a big job to top our quota. Everything about this 
war is big including our responsibility to those in uniform. Our 
fighters are depending on us at home to put our job over. It's 
the least we can do for them — and the War Bond purchase 
window is the place where your speed counts most now. 


@ Skimming over forests, jungles or open country - » « hurdling mountains, 
valleys, rivers, our Army Air Forces can lay combat telephone wire (Okonite 
plants make thousands of miles a month} at speeds up to 110 miles an hour. 
Using equipment developed by the Signal Corps, two continuous five-mile cir 
cuits can be paid out during a single fight of a light “grasshopper” plane. 


OCR speed counts 


et, 


A OKeMITE 


The Okonite Company, Passaic, N. J. * Okonite-Callender Cable Co., Inc., Paterson, N. J. * Hazard Insulated Wire Works Div., Wilkes-Barre, Pa: 
4081 
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o, it isn’t lead, it’s 
ONDUCTING 


fh 


Conducting rubber replaces lead on this 


new power cable for underground service and 


results in greater flexibility, lighter weight, 
easier splicing, greater resistance to electrolysis . 


and corona effects. It is less affected by heat 


and withstands the effects of water, acids, 


alkalis and oxidation. 
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New Power Cable 
for underground work 
has many advantages 


superior to lead 


INCE lead can no longer be used for 

underground power lines rated below 
2,000 volts, American Steel & Wire Com- 
pany engineers have developed a new power 
cable sheathed in conducting rubber. 

Lead was formerly used because of its 
resistance to water, acids, alkalis and oxida- 
tion. It also acted as an electrical ground 
and shield. 

The new type conducting rubber-covered 
cable has all these advantages and some 
others, too. It is more resistant to electroly- 
sis, more flexible than lead, lighter in weight, 
easier to splice, does not buckle or wrinkle 
and has greater resistance to vibration and 
fatigue. In addition, it has all the advan- 


tages of our PS Shielded Cable which in- 


clude intimate contact with insulation, 
elimination of voids and attendant ioniza- 
tion. Like our PS Shielded Cable, it is emi- 
nently suited for all operating voltages. 
This new cable is not a makeshift to be 
used only while lead is scarce, but it is be- 
lieved that its many obvious advantages 
will make it technically preferred by engi- 
neers. Write for additional information. 


OTHER U:S:S AMERICAN 


ELECTRIC WIRE & CABLE PRODUCTS 


AMPYROL — Synthetic-insulated wire and cable for switch- 
boards and machine tools. 


AMERCLAD — Tough abrasion resisting cable for portable 
tools, motor leads, power cable. 


AMERBESTOS — Asbestos-insulated wire and cable. 


AMERDUCTOR—Copper and steel conductor for low-cost 
rural lines. 


American Steel & Wire Company 
Cleveland, Chicago and New York 


Columbia Steel Company, San Francisco, Pacific Coast Distributors 


United States Steel Export Company, New York 


UNITED STATES STEEL 
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LECTROSTATIC 
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PORTABLE 
PROJECTING 
FLUSH 


; 
are 


SARS Aovcawhynrne 


30 ROCKEFELLER PLAZA. 
NEW YORK, N.Y. | 


Ltd.,; Hollinwood, England 
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In advertising, many products are 
described as uniqgue—although few 
actually are. For wuzgue means 
“without a like or equal—unmatched 
—single in its kind or excellence.” 
In the true sense of the word, Kerite 
is unique—for it has never been 
duplicated by any other producer. 


The Kerite Insulated Wire & Cable Company, Inc. 


NEW YORK CHICAGO SAN FRANCISCO 


PIAGNEE RS IN CABLE ENGINEERING 
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@ SMOOTH, CLOSE WELDING CONTROL 
for Shipbuilding and Other Vital War Work 


Most American ships built since Pearl Harbor 

have been welded with Ohmite equipped arc 

welders. That’s because manufacturers of welding f 
equipment know how well they can depend on 
Ohmite Rheostats to give accurate, smooth, close 
control... under toughest operating conditions. 
These rheostats are also extensively used in the 
control of many other electrical and electronic 
devices. They are made in a wide range of types 
and sizes... with uniform or tapered windings 
... to meet every need. 


OHMITE MANUFACTURING CO. 
4803 FLOURNOY ST., CHICAGO 44, ILL. 


se 
Write on company letter- 
head for Industrial Cat- 

cK alog and Engineering 
Manual No. 40. Address 


RHEOSTATS ° RESISTORS ° TAP SWITCHES . SFn cE ee 


10 _ Please mention ELECTRICAL ENGINEERING when writing to advertisers . June 1945 


A. H. Brolly vee Chief Engineer of Mr. Brolly calls attention to the Eimac 
Television Station W BKB, Chicago, Y 1000 -T’s in the final stage of the Audio 


adjusts the grid circuit of the Eimac FM Transmitter which operates at 65.75 
304-TL’s in the Class B linear stage megacycles. It is a very stable amplifier 
of the video transmitter. of good efficiency. 


The video transmitter operates at 61.25 megacycles; peak Eimac 152-T’s are used in the modulated stage and 
power output is 4 KW which provides a television service 304-T’s in the first Class B linear amplifier of the video 
throughout metropolitan Chicago and reaches suburbs transmitter, 


out to 35 miles or more. 


Grid modulation is employed at WBKB and a broad band 
of frequencies must be passed in all stages following the 
modulated amplifier. Multiple-tuned resistance loaded 
coupling circuits are used between stages. 

Performance, stability, dependability are good reasons 
why Eimac tubes are to be found in the key sockets of the 
outstanding new developments in Electronics. Balaban & 
Katz, owners of television station WBKB of Chicago, 
offer potent confirmation of the fact that Eimac tubes are 
first choice of leading Electronic Engineers the world over. 


BKEEERDB ED 


FOLLOW THE LEADERS TO 


E. F. Cawthon and W. R. Brock are operating ELECTRONIC TELESIS—fully tWustrated. 

the station which has been broadcasting tele- rs for a copy oe, 2580 of EITEL-McCULLOUGH, INC., 1032 San Mateo Ave., San Bruno, Calif. 
aie A . ectronics written in simple language. . “ Fy . 

vision programs with the present equipment Vad pmilat valuable assistance ii Plants located at; San Bruno, California and Salt Lake City, Utah 

since 1942 and began operation on a com- explaining electronics to the layman. Export Agents: Frazar & Hansen 


mercial schedule in October, 1943. No obligation. 301 Clay Street, San Francisco Il, California, U.S.A. 
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TERMINAL 


ALL THE FEATURES of STANDARD INSTRUMENTS RETAINED 
Withstands submersion tests at 30 feet 


A screw-on bezel provides uniform pressure for hermeti- 
cally sealing the glass to the case. The gasket is pressed 
into every crevice around the edge of the glass and the 
top of the case, where the permanent seal is made. 


Tempered glass window and ceramic sealed terminals 
are used. 


The knurled screw type bezel permits servicing when 
necessary and resealing without replacing a single part 
or the use of special tools or equipment. 


Complete dehydration of the interior is readily 
accomplished by recognized temperature difference 


Write for circular 


Triplet 


oe @ ° 


Sie Lees 


method (the bezel loosely attached for the escape of all 
moisture, after which the bezel is tightened to make the 
permanent seal). Interior is completely dry at slightly 
above atmospheric pressure. 


These instruments comply with thermal shock, pres- 
sure and vibration tests. They also are resistant to 
corrosion. Instruments conform to S.C. No. 71-3159 
and A.W.S. C-39.2-1944 specifications. 


Furnished in 114”, 214” and 314” metal cases with 
1" thick walls, in standard ranges. D.C. moving coil, 
A.C. moving iron and thermocouple types. 


ELECTRICAL INSTRUMENT CO. siurrron, onto 
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Do YOU Read the G-R Experimenter? 


@ SENT WITHOUT CHARGE each month to scientists, 
engineers, technicians and others interested in communication- 
frequency measurement and control instruments and problems, 
the General Radio Experimenter has been published continu- 
ously since 1926. Each month it contains eight pages of articles 
describing new G-R instruments, new ways of using G-R equip- 
ment, and a number of applications of a general engineering 
nature not specifically relating to General Radio products. 

Included in recent issues have been such articles as: use 
of the cathode-ray oscillograph in frequency comparisons; 


Mail NOW! 


methods of obtaining low distortion at high modulation levels; 
antenna measurements with the r-f bridge; impedance bridges 
assembled from laboratory parts; measuring 0.003 horsepower 
with the Strobotac; a 500-Mc oscillator; the butterfly circuit; 
a method for measuring small direct capacitances; and many 
others of similar nature. 

To receive the Experimenter merely fill-in, clip and mail the 
coupon below. If you do not want to cut this magazine please 
supply us with ALL the information requested on the coupon. 
A postcard will do. 


PLEASE FILL-IN COMPLETELY. 


TO: General Radio EXPERIMENTER, 275 Mass. Ave., Cambridge 39, Mass. 
Enter my COMPLIMENTARY subscription to the G-R EXPERIMENTER. 


Dee she OL Pe aes So all ice ee Se GompanysName i. tee ede Comins = <0) OF ey tee : 
Sneha Soper Ele ie 20S, ER Seg «BSR 6a eae rare ee cre ee oan 


955 


Type of Business 


GENERAL RADIO COMPANY sxx 


; Los Angeles 38 


"90 West St., New York 6 920 S. Michigan Ave., Chicago 5 1000 N. Seward 
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uere’s tHe DOUBLE FACTOR OF SAFETY 
in LAPP 


LINE POSTS 


POSITIVE PERMANENT SEAL 


Lapp construction of Post insulators— 


for line and station use—is proved by a 
d, during which 


a reputation, 0” 


AND 


Lapp Posts earned 
actual record figures, for most depend- 
able performance under most difficult 
operating conditions. One reason is 
found in the exclusive Lapp construc- 
tion features. Among these is a porces 
lain-and-rubber plug, inserted at the 
lower end of the finished porcelain, 
which permanently seals the interior 
against moisture. 


STATION 


POSTS 


a 
spected © d across 
P a uble fac 


N LAPP INSULATOR COMPANY, INC., LE ROY, N. Y. 
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from sand... 


the new DOW CORNING 


SILICONE RUBBER 


SILASTIC QUALIFIES EQUIPMENT 
UNDER GRADE 1, CLASS 1 SPECS. 


Resistors coated with 
SILASTIC SC-75 operate 
successfully at 275°C. and 
take the plunge from 275°C. 
into ice water nine succes- 
sive times. This seemingly 
impossible shock perform- 
ance permits resistors coated 
with SILASTIC SC-75 to 
qualify under Grade 1, Class 
1 Specifications. 


June 1945 


“Newsworthy” is the development by Dow Corning of yet another—and per- 
haps greater—contribution to the new-day efficiency and resourcefulness of 
American industry. SILASTIC* is the name of the product and silicone rubber 
is the achievement. 


SILASTIC covers a variety of elastic silicone products made by Dow Corning 
from sand, modified by chemicals drawn from brine, coal and oil. 


Being silicone rubber, SILASTIC exceeds in thermal stability the rubber we've 
known, whether natural or synthetic. SILASTIC retains complete flexibility— 
does not harden—in the temperature range—70°F. to SO00°F. Its excellent 
dielectric properties—its arc, corona and oxidation resistance—assure dura- 
bility of wire insulation under hot, wet service conditions. 


For the immediate broad field of its usefulness, SILASTIC stocks are available 
for application by coating, extruding and molding. 


DOW CORNING CORPORATION e MIDLAND, MICHIGAN 
ADDRESS ALL INQUIRIES TO BOX 592 *TRADE-MARK DOW CORNING CORPORATION 


OW 


FIRST UN 


orning 


SILICONES 
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N ILLUSTRATION, note regularity of pattern. This is 
| due to uniform shape, density, size, and purity of 
each particle. 

These factors account for high “Q” value—the com- 
bination of maximum magnetic permeability and mini- 
mum power loss. This is why carbonyl iron powders are 
better. 

The following text gives a brief, complete outline of 
G.A.F. Carbonyl Iron Powders for those desiring more 
information. 

G.A.F. Carbonyl Iron Powders are obtained by ther- 
mal decomposition of iron penta-carbonyl. There are 


Chemical Analysis - 


Carbonyl a 
% Carbon % Oxygen © 


Iron Grade 
L ~ 0.005—0.03 
0.03 —0.12 


With reference to the chemical analysis shown above 
it should be noted that spectroscopic analysis shows the 
rest to be iron with other elements present in traces only. 
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TABLE 1 


% Nitrogen | ] 


five different grades in production, which are designated 
as “L,” “C,” “E,” “TH,” and “SF” Powder. Each of these 
five types of iron powder is obtained by special process 
methods and has its special field of application. 

The particles making up the powders “E,” “TH,” and 
“SF” are spherical with a characteristic structure of in- 
creasingly larger shells. The particles of “L” and “C” are 


made up of homogenous spheres and agglomerates. 


The chemical analysis, the weight-average particle 
size, the “tap density” and the apparent density are 
given in the following table for the five different grades: 


Wt. Ave. 
diameter 


*s 


Carbonyl Iron Powders are primarily useful as elec- 
tromagnetic material over the entire communication 
frequency spectrum. 
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Table 2 below gives relative Q values (quality fac- 

g tors) and effective permeabilities for the different grades 
of carbonyl iron powder. The values given in the table 

_ are derived from measurements on straight cylindrical 
cores placed in simple solenoidal coils. Although the 


: Effective 


: Carbonyl — Permeability at 
| fronGrade 1 ke 10 ke 
Bo 4.16 100 
‘ 3.65 94 
3.09 81 
2.97 81 
2217 62 


“L” and “C” powders are also used as powder metal- 
lurgical material because of their low sintering tempe- 
ratures, high tensile strengths and other very desirable 
qualities. (Sintering begins below 500° C and tensile 


150 ke 


measured Q values can be obtained by multiplying the rows respectively with: 0.78, 1.09, 1.25, 2.63, and 1.62.) 


@ Schematic cross section of powdered iron 
core made with carbonyl iron powder. 


data were not obtained at optimum conditions, the Q 
values as expressed in percentage of the best core give 
an indication of the useful frequency ranges for the dif- 
ferent powder grades, 


200 ke . 
96 90 es 


100 98 72 3 
94 100 97 30 
93 98 100° 54 
71 78 84 100 


strengths reach 150,000 psi.) 

Further information can be obtained from the Spe- 
cial Products Sales Dept., General Aniline & Film Cor- 
poration, 437 Hudson Street, New York 14, N. Y. 


CARBONYL [RON POWDERS 
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MEASURED 
VOLTAGE 


HIGH=GAIN STABILIZED 


AMPLUFIER ~s 


FEEDBACK | 


-hp-= Vacuum Tube Voltmeters 5: 


Employ This Cathode Follower Circuit 


This cathode follower circuit pro- 
vides an input impedance of 1 meg- 
ohm and a useful means for varying 
the meter sensitivity. There are nine 
ranges, each related to the next by 10 
db steps. No adjustment to zero 
position is required, and the ranges 
-are instantly available by a switch 
on the panel. 


The -hp- Model 400A Vacuum Tube 
Voltmeter consists of the above cath- 
ode follower circuit in conjunction 
with a full wave rectifier and a high 
gain amplifier. The full wave rectifier 
actuates a one-mil meter. The ampli- 
fier is of the broad band type and is 
substantially flat from 10 cps to 1 
megacycle. Because the amplifier em- 
ploys inverse feedback, it is extremely 
stable. Hence the accuracy of meter 


HEWLETT-PACKARD COMPANY 
Station A 


Signal Generators 


Box 1047B ° 


Audio Frequency Oscillators 
Noise and Distortion Analyzers 
Square Wave Generators 


Wave Analyzers 
Frequency Standards 


sseanannaeranscrecen settee sare casecata 


readings is independent of line volt- 
age and tube characteristics. 

Voltages as small as .005 and as 
high as 300 can be read with positive 
accuracy and the wide frequency 
range makes the instrument suitable 
for video measurements. The loga- 
rithmically related scales are also 
calibrated in db units. Ordinarily no 
precautions:are necessary—wave form 
errors and “turn-over” effects are 
minimized—large overload voltages 
cause saturation of the amplifier 
which protects the meter. 

The -/p- Model 400A is designed 
for the greatest amount of conve- 
nience. Its small physical size and 
large slanting scale make it desirable 
to use and easy to read. Power supply 
is completely contained. All-in-all, the 
-hp- Model 400A is probably one of 
the most useful, versatile instruments 
in the field. Write for further details. 


LINE VOLTAGE STABILITY 


PER CENT CHANGE 
IN READING 


90 100 0 120 130 140 
LINE VOLTAGE 


e §=6© Palo Alto, California 


Vacuum Tube Voltmeters 
Frequency Meters 


Attenuators Electronic Tachometers 
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OTHER -hp- INSTRUMENTS 


’ ie 
_ 


Noise and Distortion Analyzer 


The Model 325B combines a vacuum- 
tube voltmeter with a set of funda- 
mental elimination filters for genera 
purpose measurements of total har- 


monic distortion, noise and voltage __ 


level. - 


Electronic Frequency Meter 


Model 500A Frequency Meter is de- 
signed to measure the frequency of an 
alternating voltage from 10cpsto 50kc. 


Audio Signal Generator 


The Model 205AG consists of a 
Hewlett-Packard resistance-tuned os- 
cillator in combination with an input 
and output meter, attenuator and an 
impedance matching system. 


: 
y 
{ 
. 
i 


Secondary Frequency Standard 


The Model 100B consists of a crystal 
controlled oscillator and a series of 
frequency dividers of the regenerative 
modulator type to provide standard 
frequencies of 100 kc, 10 kc, 1 ke and 
100 cps. 
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DISTRIBUTION ° 
TRANSFORMERS 


For Postwar Institutional Applications LOOK FOR THESE ADVANTAGES 
: IN THE COMING 
nfailing dependability and absolute safety have been AMERTRAN DISTRIBUTION TRANSFORMERS 


associated with the AmerTran name for more than forty 
Lower Exciting Current 


years. These qualities are prime requirements of elec- : 

oa : Re ate Larval Smaller Size . . . Lighter Weight 
ical equipment for institutional, especially hospital, ‘ser- increased Ove load Cagaciy 

vice. They receive added emphasis in the post-war Improved Tank Construction 


Coordinated Insulation 
Improved Regulation 
New Terminal Facilities 


AmerTran Distribution Transformers. Newly introduced 
production techniques have increased their inherent 
ruggedness. Their higher overload capacity, greater pro- 
tection and coordinated insulation considerably improve 
the already exceedingly favorable safety margin. 


The operating economies introduced by these new Amer- 
“Tran Distribution Transformers will prove attractive 


to institutions that must perforce justify expenditures. 


AmMERTRAN 


MANUFACTURING SINCE 1901 AT NEWARK, N J 


AMERICAN TRANSFORMER COMPANY, 178 Emmet St., Newark 5, N. J. 
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The Most Powerful 
High-Frequency Tube | 


200 Kilowatts—developed especially for high-power, i a 
high-frequency broadcast and industrial applications. 


Into this development has gone all the knowledge | 
and experience of the tube-building art that make : 
the name Federal stand for dependability — a repu- 

tation earned by more than 35 years of service in 

the electronics field. 


Federal tubes are built for long life... produced | 
with all the care and precision of fine craftsmanship. 


Pn 


IE > Newark 1, N. J. 
mF 
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: EL FTATRIARE ERY 
Control Remotely---ELECTRICALLY 
- He fe es | NIVALL : 


ATF precision remote controls are 


handling some of the war’s most exacting remote control jobs. And 
they are finding wide application in planning for the exacting indus- 
trial jobs of tomorrow . . . for the accurate adjustment or setting of 
communications equipment, machine tools, valves, fuel supplies, 
power controls, and other machinery, from remote or obscured points. 

If your post-war planning involves a problem of precise position- 
ing, the solution may rest with one of these proved ATF electrical 
control units. Their hair-line precision, extreme simplicity, and their 


ability to withstand temperature extremes and mechanical abuse 


aE Nolt will give your product a decided edge in post-war selling. 


: QUS Complete literature available. The services of ATF engineers are 
cont =vete™ freely offered to assist in applying these units to your products. 
sf . 
’ yARoen 
> AMERICAN TYPE FOUNDERS 
We 


é 11 West 42nd Street, New York 18, N. Y. 


June 1945 Please mention ELECTRICAL ENGINEERING when writing to advertisers 21 


* Dil Age t TSE eae 


ACCURACY IN RUGGED MOVING oH 
VANE AND DYNAMOMETER INSTRUMENTS 


WESTON 


FREQUENCY COMPENSATED 


INSTRUMENTS 


This is another WESTON contribu- 
tion born of war's needs, wherein the growing 
use of equipment operating in the higher 
power frequency range necessitated instru- 
ments of broad flexibility plus the rugged 
dependability which moving iron vane and 
dynamometer instruments provide. 

And throughout industry today, the grow- 
ing use of power frequencies above 60 cycles, 
with the smaller transformers, higher speed 
motors, simpler rectifier filter systems, makes 


the use of these instruments essential for their 
dependable indications and for their economy 
as well. 

Weston is furnishing these instruments as 
ammeters, voltmeters, and wattmeters, in both 
portable and switchboard types; flat compen- 
sated up to 1000... 2000... . 3000 cycles for 
general laboratory use, as well as for specific 
application to electronic and power apparatus. 
Weston Electrical Instrument Corporation, 


644 Frelinghuysen Avenue, Newark 5, N. J. 


Weston Zevticonanit 


ALBANY ATLANTA « BOSTON ¢ BUFFALO « CHICAGO « CINCINNATI ¢ CLEVELAND © DALLAS « DENVER ¢ DETROIT » JACKSONVILLE ¢ KNOXVILLE « LOS ANGELES » MERIDEN 
MINNEAPOLIS e NEWARK © NEW ORLEANS ¢ NEW YORK ¢ PHILADELPHIA © PHOENIX © PITTSBURGH © ROCHESTER © SAN FRANCISCO « SEATTLE ST. LOUIS © SYRACUSE 


in Canada, Northern Electric Co., Utd., Powerlite Devices, Ltd. 
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HEF 
ONLY VACUUM CAPACITORS 
give you the precise 

Capacitance value 


you want 


Now I. C. E. makes it possible for you to 
order vacuum capacitors with the correct 
capacitance value to meet requirements 
of your equipment. I.C.E. Vacuum Capaci- 
tors are now available in any value range 
from 6 to 110 mmfd. in steps of 1 mmfd. 


I.C.E. Vacuum Capacitors Give You 
Close Tolerances 


Beside offering you a wide range of capacitance val- 
ues, I.C. E. Vacuum Capacitors are built to give you 
previously unobtainable tolerances. 


I.C.E. _ _ 
VC-100 Vacuum I.C. E. PRECISION GRADE VACUUM CAPACITORS 
Capacitor Value Range Accurate to 


6 mmid.to 25 mmfid. +0.5 mmid. 
26 mmfd.to 60 mmfd. 1.0 mmid. 
61 mmid.to 110 mmid. +1.5 mmfd. 


1.C.E. XX GRADE VACUUM CAPACITORS 


‘Value Range Accurate to 
’ 6mmid.to 25 mmfd. +0.2 mmid. 
26 mmfd.to 60 mmfd. * +0.3 mmid. 


61 mmfd.to 110 mmfd. +0.5 mmid. 


: - Full Details in the New I. C. E. Catalog 


For full information on thése outstanding I. C.E. Vac- 
ELECTRONIC TUBES uum Capacitors, as well as other precision I. C. E. 
RESEARCH « DESIGN - PRODUCTION products, write today for the new I. C. E. Catalog. 


INDUSTRIAL & COMMERCIAL ELECTRONICS 


BELMONT, CALIFORNIA» NEW YORK CITY, N.Y. 
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No Fallacious Guesses. 


There is no guessing with a 
_ Matthews Teleheight. Any line- 
man can be taught to use it and 
get any height within an inch or 
so. He can learn in five minutes. 


The extra cost of just one 
wrong guess will pay for one 
or two Matthews Teleheights. 
Hundreds of them are saving 
lots of money for their owners 
all over the country. Many are 
being used for quickly figuring 
the cubical contents of build- 
ings, the clearance of bridges, 
highlines, etc. 


Matthews Teleheight is only 
five inches long. Has no moving 
parts. It is furnished with a 
leather carrying case that will 
fit in the vest pocket. The draw- 
ing below shows how simple are 
the directions for using it. 


Great for Appraisal Jobs. 


Try one at our risk of your 
approval. 


W. N. MATTHEWS 
CORPORATION 
ST LOUIS@U, Si0A, 


HEIGHT OF Ak 
CD + BC 


i) 
INSTRUCTIONS 
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- CYCLES PER SECOND 


MOPED 31 FE FREQUENCY ~ TIME ME TEN 
S 


@Saves panel space and 
weight — one instrument 
does the work of two 


@Insures operation of 
equipment at proper 
speed, within + 0.3% 


@Eliminates break- wer EC: 3 
+1: ize. 4” flange diameter. Black metal case for — 

downs caused by failure Fai Sanel aon tee’ Stone. Shae ee 
d 


| i intainand — Accuracy... + 0.3%, Power consumption...3 
to lubricate, neta watts, 110 volt operation. Weight...1.3 lbs. Also 
overhaul—on schedule made for 59-61, 48-52, and 49-51 cycle ranges. 


This combination running time and frequency meter is just one of 
the variations J-B-T has pioneered for specific field and laboratory use _ 
in measuring speed, temperature and frequency. This and 17 other 
interesting applications are illustrated in a new bulletin, now ready. 


They may suggest ways to attack your own problems...through use 
of J-B-T’s wide engineering “know how,” laboratory Setup and pro- 
duction capacity. Ask for Bulletin VF 43-IC. 


p Perhaps you would also like to have 

® Bulletins VF-43 describing basic Vibrat- 
ing Reed Frequency Meters and their operation, 
VF 43-IA on 400 cycle meters and VF 43-IB on 
the smallest frequency meters made. They're 
yours for the asking too. 


te 4 


J-B-T INSTRUMENTS, INC. | 


459 CHAPEL STREET © NEW HAVEN 8, CONNECTICUT _ 


| 


| 


New Westinghouse FC-1 Condens-O-Weld 
can be mounted near welder. Dead-front 
panel and hinged safety doors on both 
front and rear provide complete safety 
and accessibility. Dimensions are 87” x 


44” x 39”, 


ea a oe 


WHEN YOU WELD ALUMINUM 


Production-line aluminum resistance welding with 
the new Westinghouse electronic Condens-O-Weld 
capacitor-discharge control brings three big advan- 
tages: 


faster, more accurate—speeds up to 200 spots per 
minute provided by the improved full cycle discharge 
circuit. Costs are lowered, contactors eliminated. 


accurate forging pressure to assure crack-proof 
welds. Condens-O-Weld forge timing circuit is the 
most precise available today. 


harmful sparking eliminated by special Condens- 
O-Weld circuit design. 


Reversing contactors, notching relays and primary 
shorting contactors are eliminated by Condens-O- 
Weld design. Maintenance iscut sharply. Operation is 
speeded and welding current is accurately controlled 
sven though line voltage may vary as much as 20%. 
sequence is adaptable to all systems of electrode 
‘control for welding both heavy and light gauge 
iluminum, 

You can get complete information about the 
1ew FC-1 Condens-O-Weld from. your nearest 
Vestinghouse office. Or write Westinghouse Electric 


Corporation, P. O. Box 868, Pittsburgh 30, cee 
-2131 


ojo] of &! 


YOU'LL GET 3 BIG ADVANTAGES 


WITH ELECTRONIC CONDENS-O-WELD 


CONTROLS 


a ————— 
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CAPACITORS FOR 


Gl JOBS 


G-E . fixed - paper-dielectric 
capacitors built to the exacting 
requirements of (proposed) 
Joint Army-Navy Specification 
JAN-C-25 are now available in 
Characteristic F, in case styles 
CP-50, -51, and -52. These 
small compact “bathtub” ca- 
pacitors, hermetically sealed in 
metallic cases, are built to 
withstand the severe conditions 
encountered by electronic equip- 
ments for the armed services. 

Single-, dual-, or  triple- 
section units can be supplied for voltages of 600 or 1000 volts, 
in sizes from 0.05 to 2 microfarads. All units provided with 
solder-lug “B” terminals. Ask for Bulletin GEA-4357. 


LITTLE INSTRUMENTS THAT 
CAN “‘TAKE’’ A LOT 


Internal-pivot construction of G-E 
small panel instruments makes for 
compact construction. Accuracy is 
high, and construction strong. These 
instruments will withstand momen- 
tary overloads of ten times their rated capacity, are resistant to 
vibration and to temperature, giving accurate reading in the 
ambient temperature range from —50 C to 70 C. This line 
(DW-51 and DW-52) includes 15 d-c voltmeters, 10 d-c am- 
meters, 14 d-c milliammeters, 8 d-c microammeters, 9 r-f 
ammeters, and 9 r-f milliammeters, all calibrated to cover a 
wide range of applications in shielded and unshielded types. 
Send for Bulletin GEA-4064. 


INDUSTRIOUS TUBES FOR INDUSTRIAL USES 


From the ignitron, supplying 
hundreds of amperes, to the 
tiny photo tube that inspects 
sheet metal at speeds as high as 
1000 feet per minute, you'll find 
G-E tubes putting electronics 
to work, on all sorts of industrial 
jobs. 

Phanotrons convert a-c to 
d-c. Kenotrons and ignitrons 
convert a-c to d-c, and also serve as high-speed circuit inter- 
ruptors. Thyratrons give “trigger action” or controlled rectifi- 
cation; pliotrons act as amplifiers. Photo tubes are applied to a 


4 


4 


GENERAL @ ELECTRIC 
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wide range of control and measurement functions. a 
tubes, vacuum switches, and indicator tubes complete 

line, which is sufficiently broad to cover nearly any ele 
application. Send for Bulletin ETI-12. ae 4 


i 


ALNICO MAGNE 
POWERFUL 
AND PERMANE 


: 

Alnico magnets make 
sible compact designs 01 
tronic and electric equi 
because of their high | 
content per unit volume: 
are highly resistant t 
magnetization by vibr 
heat, or stray magnetic’ 
Sintered alnico lends it 
- Jarge-quantity producti 
- small magnets both sim FI 
intricate in shape. Cast 
available in five dii 
grades, including the 
energy alnico 5, is besti 
for magnets weighing more than 1/10 Ib. Ask for B 
GEA-3682B on sintered alnico magnets. 


TERMINAL BOARDS FOR EASIE: 
CONTROL WIRING 


With G-E Type EB-2 terminal boards, you just st 
wire end, and screw the connector down on the ban 
These solderless pressure connectors will take one No.. 
stranded conductor, two No. 12 stranded, or three 
solid conductors. Type EB-1 is the same as EB-2, exc 
connectors, which are the conventional washer-heac 
type. Both boards are molded from strong, durable Te 
both are available in 4-, 6-, 8-, and 12-pole sizes, ar 
come equipped with marking strips. Covers are availa 

For small wires, a fabricated terminal board (EB-3) : 
able in sizes ranging from 4 to 38 poles. Send for - 
GEA-1497A. 
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TRANSFORMERS AND 
REACTORS SEALED 
AGAINST SALT WATER 


G-E compound-filled her- 
metically sealed transformers 
and reactors are built to 
withstand the rigorous salt- 
water immersion and _salt- 
= spray tests, as specified by the 
gnal Corps, Air Forces, and Navy. This hermetic sealing: also 
eps out dust, dirt, and micro-organisms. The line includes 
ansformers for plate and filament supply; also microphone, 
put, interstage (or grid), and modulation transformers and output 
uits for the audio-frequency range. Reactors are included for filter, 
odulation, microphone, and plate circuits. Standard hermetic 
ses vary from approximately two cubic inches to 150 cubic 
ches in volume. Send for Bulletin GEA-4280. 


RESISTORS IN WHICH 
| VARIES AS E* 


In Thyrite*, G.E.’s nonlinear, 
silicon-carbide resistance mate- 
rial, current varies as a power of 
the applied voltage (I varies as 
E"). Doubling the voltage in a 
wire-wound resistor doubles the 
current. Doubling voltage in 
Thyrite increases the current 
times, where the exponent (n) of the Thyrite is 4. Because of 
s characteristic, Thyrite has solved many problems in elec- 
mic circuits, by protecting them against voltage surges, stabiliz- 
; power voltages, controlling voltage-selective circuits, etc. 
yrite is usually supplied in disk or rod form, in diameters 
iging from 0.25 in. to 6.00 in. Send for Bulletin GEA-4138A. 


A LITTLE SWITCH FOR BIG JOBS 


The G-E Switchette weighs less than 
one-third of an ounce; its case measures 
only 14 by 21/32 by 114 inches, yet it 
is rated 230 volts; 10 amperes a-c. 

Low-inertia moving parts, and high, 
contact pressure assure fast, positive ac- 
1 even where vibration is severe. The spring-return button can 
actuated manually, or by cam or bellows. Switchettes are avail- 
e in three general-purpose double-break contact arrange- 
nts with terminals on top or at ends. Switchettes are designed to 
st the 50-hour Government salt-spray test, and operate from 

level to 50,000 feet altitude. Bulletin GEA-3818A describes 
re than 100 types and arrangements. 


*Trade-mark reg. U.S. Pat. Off. 


alll the BONDS you can—and keep all you buy 
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When the war came along and we were deprived of our — 
supply of deproteinized rubber we all thought, “Well, that’s 
the end of ANHYDREX until after the war.” However, our 
very capable technical staff came through with an ANHYDREX _ 
Buna rubber insulation that we are proud to offer. 


This new insulation has a water absorption rate of only 
020 grams per square inch of exposed surface. Add to this 
freedom from electrolysis, installation with or without ducts 
and you have a combination that’s pretty hard to beat. 


If you have underground power, control or submarine 


cable problems that are bothering you, tell your Simplex 


Engineer about them. He will be more than glad to help 
you at no obligation whatsoever and you will be assured of 
getting the latest and most modern engineering advice on 
your problem. 


WIRES ‘and CABLES 


Simplex Wire & Cable Co., 79 Sidney Street, Cambridge 39, Mass. 
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JOl N ED sia FOR LI F E through Corning Metallizing! 


EMEMBER when glass and metal just wouldn’t 
stay hitched? They joined together readily but 


when the going got rough they parted company in the 
best Hollywood tradition. 
/ 


Things are different now. Corning’s metallizing process 
eds glass and metal with a bond that lasts like an 
old-fashioned marriage. Through heat and cold ... 

nder severe conditions of stress and strain, they 


stick together in a lasting union. 


LORNING 


means 2 
Research in Glass 


This happy union can boast a whole family of fine 
qualities: 

HERMETIC SEALING ... PRECISION METALLIZING ... 
SUPERIOR PHYSICAL PROPERTIES. .. PERMANENCE... 
THERMAL ENDURANCE . . . MECHANICAL STRENGTH 


Which of these can you use? Write us about it. We'll 
be glad to work with you to see if metallized glass 
can help solve your problem. Address Electronic Sales 
Department, N-6, Bulb and Tubing Division, Corning 
Glass Works, Corning, New York. 


yen 
{ay 


( Ry 


“PYREX”’, «“VYCOR” and “CORNING” are registered trade-marks and indicate manufacture by Corning Glass Works, Corning, } 
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@ LESS RADIO INTERFER- 
ENCE 


@ LESS AUDIO AND RADIO 
FREQUENCY NOISE 


@ LOW CONTACT RE- 
SISTANCE 


@ UNIFORM CONTACT 
RESISTANCE 


‘@ LONG LIFE 


Trenty years ago, at the sugges- 
tion of Westinghouse engineers, Stack- 
pole pioneered silver-graphite contacts. 
The result was an-almost immediate 
revolution. in circuit breaker design. 
Later, as the advantages of this unique 
mix were applied to brush engineering, 
equally important advances were scored, 
particularly on low-voltage commutator 
and slip ring motor applications. 

Today, the important thing is not so 
much the fact that Stackpole Silver- 

‘Graphite Brushes are supplied in all 
sizes and shapes. What counts even 
more is the unsurpassed wealth of 
engineering experience that permits 
Stackpole engineers to recommend ex- 
actly the correct, ‘“‘tailor-made”’ silver- 
graphite mix for best results on your 
particular application. Backed with 
complete details of your equipment, 
they welcome the opportunity to submit 
Silver-Graphite Brush (or Contact) 
samples for test. You be the judge! 


BRUSHES AND CONTACTS 


(All carbon, graphite, metal, 
and composition types) 


RARE METAL CONTACTS 
BEARINGS WELDING CARBONS 
PACKING, PISTON AND SEAL RINGS 


CONTINUOUSLY ADJUSTABLE 
CARBON RHEOSTATS 


CHEMICAL CARBONS 
CARBON PIPE POWER TUBE ANODES 
MOLDED SPECIALTIES, etc. 


STACKPOLE CARBON COMPANY 
ST. MARYS, PA. 


MOLDED METAL POWDER AND CARBON PRODUCTS 
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NO.-4..iNeTHE IRC NEW PRODUCT. PARADE™ 


GRADE] — CLASS 1 
RESISTORS 


Exhaustively tested for dependable performance and sound construction, IRC's 
Type GRW GRADE 1—CLASS 1 RESISTORS are now available. Only after every 


requirement of Army-Navy specification Jan-R-26 had been met or surpassed 


would our Engineering Department approve this product for the applications 
for which it is designed. 

Resistant to salt water immersion following thermal shock, they are capable of 
continuous efficient operation at a total temperature of 275° C. (ambient plus rise). 

Made in 7 standard sizes with power ratings from 15 to 140 watts and resistance 
ranges of from 0.1 to 63000 ohms, the GRW's are enclosed in special heat-treated 
glass for optimum strength. Non-corrosive ferrules are hermetically sealed to the 
tube with pure lead. Nickel alloy leads pass through the centering devices and are 
welded to the outer ferrule cups. All resistors are Peace wound. 


These IRC GRADE 1—CLASS 1's are engineered to “take it” far beyond normal 


requirements and can stand transverse loads as high as 100 pounds without failure 


or damage of any kind. a 


ty Write today for special Engi- 
2 neering Bulletin containing 
mn dimension drawings, tempera- ik [e e [ STA C C 
* ture rise and de-rating curves e 


as well as other technical Dept, 5-F 


roe 401 NORTH BROAD STREET, PHILADELPHIA 8, PA. 


HRC makes more types of resistance units; in’-more: shapes, for mere applications than any other manutacturer_in the. world: 
a : 


++ ; C”AX 
i= SROGEGOEeEcaeeeeeeee nee : X 
..COMING....COMING.... 
: OZ”, < : 
BTR—%_watt BIA—1 watt Grade 1— Class 1 
1 Rheostat -—— |---Insulated Resistor Insulated! Resistor Resistors 


UNE 1945 Please mention ELECTRICAL ENGINEERING when writing to advertisers 31 


ou 


EST suited means a varnished tubing or sleeving that meet: C 
every service requirement ... at lowest cost! ee + 


That's the way IRVINGTON ... long the leader in electrical insulation . n 
meets every tubing or eee need. For IRVINGTON makes all the cpa 
including non-fraying FIBERGLAS ... high voltage IRV-O-VOLT...RADIC 
SPAGHETTI and SATURATED SLEEVINGS ... in a complete range 03 
colors and A. S. T. M. sizes. me} 


Thus a recommendation from IRVINGTON can be unbiased .. . you get the 
tubing best suited to your needs. not only from the standpoint of efficiency? 
but economy as well. : 


In addition, you get that extra increment of electrical surety whick 
IRVINGTON'S ‘know how’ and ‘manufacturing control’ provides. Fo) 
literature, or engineering assistance, write to Dept. 36. 


IRVINGTON PRODUCTS: 


Cotton, Fiberglas, or Rayon Tubings and _ Extruded Plastic Tubings 
Sleevings — Varnished, Lacquered, or 


i Plasti 
Vinylite Processed Fibres Peres 


Varnished Fabrics and Papers 
Non-Fraying Fiberglas Sleeving Sict Insalations 


Transformer Lead Tubings Harvel and Irvington Insulating 


Wire Identification Markers—Varnished  V@rnishes 
or Plastic Cardolite Resins 


<gpwARD OF THE Wop) 


IRVINGTON 


VARNISH & INSULATOR COMPANY 


Irvington 11, New Jersey | 


' 
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New RCA Miniature Voltage-Regulator Tube Operates at 150 Volts— 
Is Practically Equivalent to Standard OD3/VR150 


Fo the first time, equipment designers have available in a minia- 

ture envelope a voltage-regulator tube capable of performing 
the functions previously requiring a standard-size tube. This 
space-saving feature is especially valuable where compact military 
equipment is being designed. The OA2 will provide as many hours 
of service as standard-size tubes. 


Like standard-size voltage-regulator tubes, the OA2 is a cold- 
cathode, glow-discharge tube. It is intended for use as a voltage 
regulator in applications where it is necessary to maintain a constant 
d-c output voltage across a load, independent of load-current and 
moderate line-voltage variations. 


The OA2, like other voltage-regulator tubes, can also be used for 
spark-over protection. 


For information on this and other RCA Electron Tubes, mail the 


coupon or write to RCA, Commercial Engineering Section, Dept. 
62-32A, Harrison, N. J. 


MAIL THIS TODAY FOR FREE DATA SHEET 
RCA, Commercial Engineering Section, Dept. 62-32A, Harrison, New Jersey. 


Please send data sheet on RCA’s new miniature voltage-regulator 
tube, the OA2, giving ratings, operating and installation notes, 
terminal connections, and typical circuits. 


Maximum Overall Length, Inches.................. 2% 
Maximum Seated Height, Inches.................. 2% 
Maximum Diameter, Inches...................... % 
Bulb caer atch eae baad ore eee re T-5% 
Base—Miniature Button, 7-Pin Mounting Position—Any 
D-C Anode Supply Voltage, Minimum, Volts*........ 185 
D-C Operating Current 

Continuous Maximum, Milliamperes............ 30 

Continuous Minimum, Milliamperes............ 5 
Ambient Temperature Range, Degrees C...... —55 to +90 
D-C Starting Voltage, Approx. Volts................ 155 
D-C Operating Voltage, Approx. Volts.............. 150 
Regulation (5 to 30 Milliamperes), Volts............ 2 


* Not less than indicated supply voltage 
should be provided to insure “starting” 
throughout tube life. 


62.6196-32 


RADIO CORPORATION 


OF AMERICA 


RCA VICTOR DIVISION - CAMDEN, N. J. 
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© simplified design 


The new, simplified construction of the Struthers- 
Dunn Type 79XAX Sensitive Snap-Action Relay 
makes it particularly suitable for a wide range of 
applications because of its ease of adjustment. Snap- t 
action design assures full normally-closed and 
normally-open contact pressures, Erratic operations 
and varying contact resistance encountered with 
ordinary sensitive relays, due to slowly changing coil 
flux balancing armature spring tension, are eliminated. 


The armature of the 79XAX almost completes its 
travel in either direction before the contacts snap 
into the new position. This feature permits an 
unusually broad range of use from vacuum tube cir- 
cuits, to overcurrent protection, pulsing circuits, and 
jobs where extremely close differential or extreme 
sensitivity of operation is required. 


The standard adjustment using 60 ampere turns in 
the coil at approximately .02 watts results in contact 
pressures of 5 grams with contacts rated 5 amperes, 
115 volts a-c; or 0.5 amperes, 115 volts d-c, non- 
inductive. Contact ratings up to 10 amperes, 115 
volts a-c may be obtained with 100 or more ampere 
turns and a corresponding increase in power. A sen- 
sitivity of 0.005 watts, with 30 ampere turns, is 
obtainable with reduced contact pressures and rat- 
ings, and at an increase in price of the unit. 


STRUTHERS-DUNN INCORPORATED 
1321 ARCH STREET, PHILADELPHIA 7, PA. 


eae 


DISTRICT ENGINEERING OFFICES: ATLANTA ~ BALTIMORE - BOSTON ~ BUFFALO « CHICAGO « CINCINNATI . CLEVELAND 
DALLAS « DENVER ~ DETROIT « HARTFORD « INDIANAPOLIS « LOS ANGELES « MINNEAPOLIS « MONTREAL 
NEW YORK « PITTSBURGH « ST. LOUIS « SAN FRANCISCO .~ SEATTLE » SYRACUSE « TORONTO » WASHINGTON 
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A 5% over-voltage will reduce the 
life of a tungsten filament by 50%. 
_A5% under-voltage will cut fila- 
* ment emission by 33%. 

. Commercial line voltages today 
_ may vary as much as+ 20%. 

- With a Soxa Constant Voltage 
Transformer as a built-in compo- 
~ nent of your equipment, these line 
voltage variations can be ignored. 
No need to depend upon operator 
adjustments. No need to worry 
about operator forgetfulness. You 


Constaile Veltage Transformers 


eon, 
| Tae 


oe 


can depend on it—the right volt- 
age is always there. 

Vacuum tubes protected by SOLA 
Constant Voltage Filament Trans- 
formers require no starting resistors 
or high reactance transformers. Fila- 
ments are automatically and posi- 
tively protected against damaging 
inrush currents. Tube life is notice- 
ably prolonged. 

Sota Constant Voltage Trans- 
formers require no supervision, or 
manual adjustments by the oper- 
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ator. They eliminate the need for 
voltmeters. They are fully automa- 
tic, have no moving parts, tubes or 
networks, and are self-protecting 
against short circuit. 

Standard units are available in 
capacities from 10 VA to 15 KVA 
either for the operation of equip- 
ment now in use or as built-in units. 
Where special problems confront 
the designer, consultation with SoLa 
engineers may provide a positive 
and economical solution. 


To Manufacturers: 


Built-in voltage control guaran- 
tees the voltage called for on your 


label. Consult our engineers on 
details of design specifications, 
Ask for Bulletin ACV-102 


. Transformers for: Constant Voltage * Cold Cathode Lighting * Mercury Lamps ° Series Lighting * Fluorescent Lighting * X-Ray Equipment * Luminous Tube Signs 
Oil Burner Ignition * Radio * Power * Controls + Signal Systams * Door Bells * and Chimes * etc. SOLA ELECTRIC CO., 2525 Clybourn Ave., Chicago 14, Ill. 
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Here’s Easy-to-Inspect 


Circuit Breaker 
Contacts Ready for 


Inspection in 


Inherently, this oilless 
breaker requires little mainte- 
nance... inspection is routine. 


For MODERATE capacity installations, 5 kv 
and below, the “Ruptair” magnetic air break- 
er is increasingly popular among operators. 
Because oil is eliminated from the breaker, 
fire hazard is reduced, and maintenance re- 
quirements are much less . . . particularly for 
repetitive operation. 


LOWER BREAKER 


Photo shows ‘‘Ruptair’’ magnetic air 

circuit breaker in normal operating 

position (at right) and in the lowered 

disconnect position. The breaker is 
quickly and easily lowered with a manually 
or electrically operated crank-hoist. 


In addition to these advantages, and simp- 
lest inspection of any magnetic air breaker, 
the “‘Ruptair” breaker combines vertical lift 
construction with horizontal contact separa- 
tion, illustrated on opposite page. 

“Ruptair” breakers are built in standard rat- 
ings of 5 kv, 150,000 kva capacity and below. 


ALLIS-CHALMERS LETS THE CUSTOMER “HAVE HIS SAY” 
You Can Choose From 3 Basic Types of Circuit Breakers 


gap Allis-Chalmers Waren) 
endorses the principle of standard- 
ization, wherever the interests of 
customers are best served. Actually, 
A-C introduced standard metalclad 
switchgear units to U. S. industry. 


gap What Allis-Chalmers has not 
yet done is to limit types of circuit 
interrupters available in switchgear 
units, For our A-C engineers be- 
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lieve that the customer rightfully 
plays an essential part in the de- 
velopment of industrial equipment. 


gap Take military aircraft as a par- 
allel case to switchgear. A problem 
never really solved by the “efficient” 
German Luftwaffe—that of prepar- 
ing planes for combat under current 
combat conditions — was licked by 
the U.S, Air Forces in a typically 


American way after Pearl Harbor 
when pilot (customer) experience 
was utilized at Aircraft Modifica 
tion Centers. 


gap-In the same way, by offering 
oil, magnetic air, and air blas 
breakers-for buyer choice, A-C let 
the customer “call his own tune’ 
... cooperate in the evolution o 


tomorrow’s circuit breaker, | 


JUNE 1945) 
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Magnetic Air Breaker 


WITHDRAW IT 


In the disconnect position, the ‘Rup- 
tair’ breaker can be placed on a 
transfer truck, and pulled out into the 
aisle, For safety, shutters used to iso- 


late primary disconnect contacts are auto- 


matic in their operation. 


REMOVE SIDE PLATES 


Finally, light-weight insulating bar- 
riers are removed, each barrier being 
held in place by two cap-screws. 
Since the “‘Ruptair” arc chute is above 


the contact structure, it need not be dis- 


turbed for contact inspection. 


“Ruptair” Circuit Breaker is Engineered 
For Maximum Interrupting Efficiency 


THE “Ruprtair’” breaker_depends 
for efficiency over entire interrupt- 
ing current range on several design 
factors...one of which is hori- 
zontal contact separation. 

Since arcing contacts part in the 
horizontal direction, the arc is as- 
sisted into the arc chute by natural 
thermal effect — no complex in- 


terrupting structure is required! 
In addition, position of arc chute 
above contacts makes it possible to 
inspect the contacts without re- 
moving the chute. 

By the coordination of contacts 
and arc runners, shown in the ac- 
companying diagram, the arc is 
quickly and easily transferred from 
the horn-shaped moving contact to 
the stationary arc runner, opposite. 

Another unique feature is the 
intermediate stationary contact 
which fully connects the magnetic 
blowout coil into the circuit before 
actual contact separation ... results 
in augmented blowout effect, 


Milwaukee ww Wisconsin 


A 1865 


Please mention ELECTRICAL ENGINEERING when writing to advertisers 


37 


STABILIZE VARYING LINE VOLTAGES TO +14% 
STABILIZE WITHIN 2 CYCLES 


STABILIZE VOLTAGES FROM 95 TO 130 VOLTS OR 190 TO 
260 VOLTS 


ARE FULLY AUTOMATIC IN OPERATION 


SIMPLY CONNECT THEM... AND THEY’LL TAKE CARE 
OF THEMSELVES 


By controlling varying input voltage to +14%, Raytheon 
Voltage Stabilizers improve the performance and assure re- 
liable operation of a wide variety of electrical equipment 
where close voltage regulation is a must for accurate operation. 
Entirely automatic in operation, they require no maintenance 
once installed. Raytheon Voltage Stabilizers are available in 
three styles, as illustrated, and many models to meet prac- 
tically every installation requirement. They can be built into 
new equipment or incorporated in products already in use. 
Write for Bulletin DL48-537. It gives the complete story. 


MANUFACTURING. COMPANY 
Electricat Equipment Division 


190 WILLOW STREET, WALTHAM, MASS. 


A RAYTHEON 


Devoted to research and manufacture of complete electronic equipment ; receiving, transmitting and hearing aid tuhes; transformers; 
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The coveted Army-Navy “E,” for 
Excellence in the manufacture of 
war equipment and tubes, files 
over all four Raytheon Plants 
where over 16,000 men and wom: 
en are producing for VICTORY. 


and voltage stabilizers. 
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Set New Standards of Operating Efficiency 


RIE Ceramicon Designs for high voltage, high 

current applications have proven ideal be- 
cause the ceramic dielectric with silvered elec- 
trodes provide extreme stability and temperature 
compensation, permitting operation at elevated 
temperatures. Due to the high capacity per di- 
electric and rigidity of plates, inner connections 
are simplified, circulating currents minimized 
and operation at high frequencies made 
more efficient. 

Corona shields are designed directly into 
the ceramic dielectrics which are fabricated in 
the most desirable shape for this purpose. Erie 
Ceramicon Designs are simplified and better 
adapted to high frequency use because a single 
plate can be provided with integral corona 
shields, for the total voltage. This makes 
series connections for multiple plate condensers 
unnecessary. These features are incorporated in 
all Erie high voltage, high current Ceramicons. 

Typical characteristics of the two types 
illustrated above are shown in table below. Send 
us your specific requirements. Complete infor- 
mation will be sent promptly without obligation. 


*Ceramicon is the registered 
trade name of silvered ce- 
ramic condensers made by 
Erie Resistor Corporation. 
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100 MMF 


Eket 0a Diutse 


ERIE RESISTOR CORP., ERIE, PA. 


LONDON, ENGLAND + * TORONTO, CANADA, 


CHARACTERISTICS 


680A 
Standard Capacities 


‘N-750 
330 MMF 
680 MMF 
1,000 MMF 
510 MMF 1,300 MMF 
620 MMF 1,800 MMF 
Max. Safe Continuous Current, 30°C ambient at sea level. 
Capacity Amps. 
MMF @ 1Mc 
330 5 7 10 
1,800 12 15 20 


Test voltage 6000 volts RMS, 60 CPS, 10,000 volts D. C. 


NPO 

120 MMF 
240 MMF 
360 MMF 


Amps. Amps. 
@ 3Mc @ 20Mc 


741A 


Temperature 
Coefficient 


NPO 

NPO 

NPO 
N-750 
N-750 
N-750 


Peak Working Volts 
at Sea Level 
10,000 
6,500 
5,000 
10,000 
7,500 
5,500 


Capacity 
20 MMF 
30 MMF 
39 MMF 
51 MMF 
75 MMF 


FOR HIGH ACHIEVEMENT 
IN WAR PRODUCTION 
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THANKS TO ADVANCED capacitor engineering, small 
compact capacitors with a variety of bracket arrange- 
ments and sturdy screw-type terminals, are available 
‘for suppressing noise from generators, inverters, motors 
and other equipment. 


C-D has a complete line of radio-noise capacitors and 
filters, 


They can be mounted in any position and will operate 
over a temperature range of plus 85° to minus 55°C. 
Ratings are .01 mfd. to 0.5 mfd. 100 V.D.C. and .01 
mfd. to .25 mfd. 500 V. A.C.-D.C. in the types illus- 
trated. Other types are available for every noise sup- 
pression problem, 


‘Cornell-Dubilier engineers will be glad to advise on 
the selection of these and other types of capacitors and 
filters for noise suppression. Write for information. 
Cornell-Dubilier Electric Corporation, South Plainfield, 
N. J. Other plants at New Bedford, Brookline, Wor- 
cester, Mass., and Providence, R. I. 


1910 


1945 
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_-Long before the war, engineers 
and designers had recognized 
Fiberglas’ unique combination of 
_ characteristics; war requirements 
_ further expanded the use of this 


~ better insulation material. 


Here’s the “line” of Fiberglas 
Tapes, in a wide range of weaves, 
thicknesses and finishes. They 
- meet both electrical and mechani- 
cal requirements — and _ provide 
maximum ease and economy of 
application. 


Untreated Fiberglas Tapes. ;; 


... are available in thicknesses 
from .003” to .015”, from 3” to 
114” in width and in medium 


weave (machine taping) and tight. 


weave (hand application). Their 
high strength-to-thickness ratio 
and lack of stretch have won them 
preference for such uses as coil 
wrappers, protective coverings, 
conductor insulation, mechanical 
reinforcements, etc. They are used 


in many kinds of electrical appa- © 


ratus, from small relay coils to 
huge turbogenerators. 


Varnished Fiberglas Tapes: .. 


... are made by many processors 
who impregnate various Fiberglas 
cloths with several types of var- 
nishes. They are cut to any de- 
sired tape width. Varnished Fiber- 
glas Tapes are available in thick- 
nesses from .003” to .030”, with 
either black or*yellow varnish. 
Because of its higher dielectric 
strength, and because it retains 
good mechanical and electrical 
characteristics under prolonged 


exposure to adverse operating 


conditions, thinner thicknesses of 
Varnished Fiberglas are used. 


Performance and Application Data... 


» - . facts about Fiberglas-Mica 
combinations, Fiberglas Insulated 
Wire and Cable, Fiberglas Pres- 
sure-Sensitive Tape and Fiberglas 
Laminates. Write fgr your copy 
today and ask for the name of 
the Fiberglas Insulation Materials 
Supplier located nearest to you. 
Owens-Corning Fiberglas Corp., 


1859 Nicholas Bldg., Toledo 1, O. ° 


In Canada, Fiberglas Canada Ltd., 
Oshawa, Ontario. 


Each distributor of Fiberglas-base Insulation Materials has his own source of 
supply, since Owens-Corning Fiberglas Corporation does not process these materials. 


FIBERGLAS 


*T, M. Reg, U, S. Pat, Off. 


ELECTRICAL INSULATION MATERIALS 


Untreated Fiberglas Tape from 
.003” to .015” in thickness; from 
34"' to 1%” in width. S ae 


Varnished Fiberglas Tape, from 
-003” to .030” in thickness, cut to 
any desired width. Various ratios 
of varnish film to Fiberglas de- 
pendent upon processors, 


Taping machine application of 
Fiberglas Tape to a coil. 


Coils wound with Fiberglas Tape. 


There is a Fiberglas Electrical In- 
sulation Material to meet virtually 
every insulation need. Write for 
catalog El 44-7A today. 
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3 NEW TELECHRON 
ELECTRIC 


MINITMASTERS 


For Your Post-war Ranges 
New Features » Low Prices 


c44 Minitmaster and 


\2-hour 3 

—Standard ae 7 
ia Choice of two tim: 

ay Q- to 312 hours or 


_ Strong elec- 


Telechron has perfected three low-cost 
electric Minitmasters. You can build them 
into your post-war range line for only a 
little more than a conventional spring- 
wound timer. 


You can offer your customers the advan- 
tage of a timer that never runs down, never 
has to be wound —has a strong buzzer 


—Can be 
snitmaster ae 
; 5-minute timing 


signal heard throughout the house, and 
keeps up until turned off. What’s more, 


proof—pr buzzer signal. 


Telechron accuracy, dependability and 
long life are important selling points. Spe- 
cial dials designed to your requirements. 
For the full details on each of these fine 
timers, write or wire Industrial Sales Divi- 
sion,. Department F, Warren Telechron 
Company, Ashland, Mass. 


Telechiron 


REG. U. S. PAT. OFF. 


er—Modern, 
plastic 


Strong, 


| 
buzzer signal. : , 
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-O0-MILE LABORATORY 


for Telephone and Television 


Between telephone offices in New York and Philadelphia 
once stretched a strange sort of laboratory. Most of the way 
it was underground; engineers made their measurements 
sometimes in manholes. It was a lead-sheathed cable con- 
taining two “coaxials” — each of them a wire supported in 
the center of a flexible copper tube the size of a lead pencil. 


Theory had convinced engineers of Bell Laboratories 
that a coaxial could carry many more telephone talks than 
a full-sized voice frequency telephone cable; that it could 
carry adequately a television program. Experimental lengths 
were tested; terminal apparatus was designed and tried out. 
Finally, a full-sized trial was made with a system designed 


for 480 conversations. It was successful; in one demon- 
stration people talked over a 3800-mile circuit looped back 
and forth. Now the cable is carrying some of the wartime 
flood of telephone calls between these two big cities. 


This cable made television history also: through it in 
1940 were brought spot news pictures of a political con- 
vention in Philadelphia to be broadcast from New York. 
Bell System contributions to television, which began with 
transmission from Washington to New York in 1927, have 
been laid aside for war work. When peace returns, a notable 
expansion of coaxial circuits is planned for both telephone 
and television in our Bell System work. 


BELL TELEPHONE LABORATORIES 


Exploring and inventing, devising and perfecting for our Armed Forces at 
war and for continued improvements and economies in telephone service. 
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Bee. has a practical monopoly on 
line and station insulation because: (1) Its 
well balanced dielectric qualities, (2) Its 
complete resistance to moisture absorbtion, 
(3) Its comparative freedom from flash- 
over damage, (4) Its indefinitely long life, 
(5) Its. all-around adaptability to electrical 


design. 


These characteristics that have distin- 
guished porcelain on lines and stations are 
all present inside O-B porcelain insulated 
bushings. Porcelain--a proved and trusted 
dielectric--gives O-B bushings the same 
reliability and capacity to withstand un- 
expected demands that you now take for 


granted in your line insulation. 


Use O-B bushings and enjoy the security 
of porcelain insulation right down to your 
apparatus windings. Only with O-B bush- 
ings can you get internal porcelain di- 
electric. Only with O-B bushings can you 
get the downright operating reliability that 


internal porcelain insulation provides. 


2600-H 


MANSFIELD, OHIO 
Canadian Ohio Brass Co., Ltd., Niagara Falls, Ont. 
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Indexing Table 7 


EeFPor High Speed Production ! 


Here’s the way to increase production of 
small parts—at low cost—and with precision. 


A six-station hydraulically-driven index- 
ing table is one of the many standard acces- 
sories which make MULTIPRESS a versatile, 
production giant. Speeds of these tables ate 
adjustable anywhere between 10 and 50 
indexes per minute. Ram and table operate 
in positively interlocked sequence. Length of 
ram stroke, ram speed, and speed of table 
determine number of complete cycles per 
minute. They literally multiply production 
on continuous pressing and assembling oper- 
ations requiring up to 4-ton pressures—with 
accuracy of operation and safety for the 
opérator, no matter how unskilled he may be. 
Maximum pressure to be exerted upon the 
work can be limited at any point between 1600 
and 8,000 pounds by a simple adjustment. 


Multipress is a fully self-contained, motor- 
driven, oil-hydraulic machine tool—an easily 
portable unit, delivered ready to connect to 
your electric power source. The basic unit 
(as shown below) is only 16 inches wide, 26 
inches deep, and 34 inches high. Its rugged 
frame, already drilled and tapped for attach- 
ing the index table, also provides for the 
addition of many other standard accessories. 
Among these are benches, extension tables, 
side shelves, a variety of bolster plates, 
straightening fixtures, automatic cycling con- 
trols, ram speed controls, and Vibra-Pres 
control which affords any number of short, 
exact-pressure, repeat strokes upon each full 
downstroke of the ram—the number of those 
strokes regulatory from a few to practically 
vibration. 


Write today for complete information. 


The Denison Engineering Company, 1192 Dublin Rd., Columbus, Ohio 


wise 


ye 


PROVIDE DELAYS RANGING 
FROM | TO 120 SECONDS 


Other important features include: 
1, Compensated for ambient tempera- 
ture changes from —40° to 110°F. 


2. Contact ratings up to 115V-10a AC. 


3. Hermetically sealed — not affected by 
altitude, moisture or other climate changes 
. . . Explosion-proof. 


4. Octal radio base permits 
easy replacement. 


_ 5. Compact, light, rugged, 
inexpensive. 
Circuits available: SPST 
mally Open; SPST Nor- 
lly Closed. : 
"S YOUR PROBLEM? 
"Special Problem (3m. 
and Descriptive auperité 


AMPERITE CO. Me™" 


561 BROADWAY 
NEW YORK 12, N. Y. 
Canada: Atlas Radio Corp., Ltd. 

560 King St. W., Toronto 


HERMETIC SEALED TRANSFORMERS 


a type for every requirement 


May we cooperate with you on design savings 
for your application...war or post war 


PLANTS 150 VARICK STREET NEW YORK 13, N.Y. 


EXPORT DIVISION: 13 EAST 40th STREET, NEW YORK 16, N.Y. CABLES; “ARLAB™™ 


_ RESEARCH ENGINEER 


Leading manufacturer of power distribution equip- te 
ment needs a research and development engineer. __ 
Position is permanent and located in Middle West. : 


Requirements are for a man who is naturally in- : 
_genious and creative in his ideas. He should enjoy” 
engineering investigative and design work. He . 
should have the enthusiasm and initiative to operate 
under his own steam. The position will permit him 

to develop to the full extent of his abilities. 


If you feel that you are fitted for this position, and 
are not now employed in a full-time war job, please 
write a letter outlining your education, experience 
and other qualifications. Address Box 354, ELEC- 
TRICAL ENGINEERING, 33 West 39th St., New 
York City (18). 


Wao §° 


THE OHIO STATE UNIVERSITY 
Announces eee 


WESTINGHOUSE FELLOWSHIPS 


in Electron Optics 


A post-doctoral fellowship - $3600 per year 
Two pre-doctoral fellowships - $1000 per year 


Open to graduates in Physics, Mathematics or 
Electrical Engineering 


Application forms may be secured from the Dean of the 
Graduate School, Ohio State University, Columbus 10, Ohio 


NEW ghotofeap 


OPEN BLADE SWITCH — 


* 


e@ Do you need longer life, open 
blade switches in smaller sizes? 
Now you can really design for 
compactness with switches that 
users’ tests have shown well above 
ten million. actuations. Handles 
15 amps. at 115 volts A.C. Nor- 
mally open or normally closed 
circuits and double throw. Also 
well adapted to mounting in 
multiples. Standard pressure range 


~\S AMPS. aT 
SCO WATTS, A.C. 


from 3 to 5 oz. Engineered with 

the same positive beryllium Rolling Spring action that built 
the Acro-Snap reputation. ACRO basic pin actuator switch 
code No. HRD7-1A92T approved under spec. AN-S-39 Dwg. 
AN -3210-1. Other ACRO Rolling Spring Switches made to 
over 1,000 different specifications. Write for further details. 


THE ACRO ELECTRIC COMPANY 


1327 SUPERIOR AVENUE CLEVELAND 14, OHIO 
GR SE OS ES | 
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Sees ets 


Serene andy 


QUALITY 
CONTROL 


The 
Electrical 


FOR EVERY PURPOSE 


Concord’s fullline of A 

UP tO sizes COvering 2 

feet indoors Or 75,000 
I tel 

ment is also available, 


©ncord Interc 
in a variet 


oe s 
for Special 
Picture 
Concord 
and Re.- 


On production lines at every major 
step in manufacture, Chicago Trans- 
formers are checked on modern testing 
equipment to laboratory — controlled 
standards. Repeated testing for all 
important electrical characteristics pro- 
vides an accurate control of quality 
—makes certain that every finished 
Chicago Transformer delivers the exact 

Concoro Rapio Corporation performance for which it was designed. 

Lafayette Raclio Corporation : 

CHICAGO 7, ILL. ATLANTA 3, GA. 
901 W. Jackson Blvd. 265 Peachtree Street 


Concord Radio Corporation oe 
£01 W. Jackson Blvd.,Dept. C65,Chicago 7,1. ¢ $ e 


ef .0 
Pl send t , literati ing “@p% 
your line of Amplifiers, Intercoms and Recorders. DIVISION OF ESSEX WIRE CORPORATION 
3501 WEST ADDISON STREET 


CHICAGO, 18 


TRADE MARK REG 
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HOW MUCH 
| LEAKAGE? =" < | 
NEED EXCEPTIONALLY ius Rhle Goal TAS ny tema er eee 
GOOD PERFORMANCE Dee eas nee 


for you, son, and others like you because it has a lot to do with 


« 


Scores of spectacular Luminous Tube action signs are in service the leaking from the pails of energy you're carrying. It's your ~ 


today because of the magic-action control of Reynold’s Flashers. a A J 
Reynold’s reliable performance has been proved in all parts of job to deliver a certain amount of magnetic flux at the gap and 


the country. Universal porcelain ‘‘made to order” insulators are Fi ZS 
an essential part of the Reynold’s construction. They are un- these curves will help you do just that. 
affected by arcing, heat or cold, and will not corrode, carbonize 


or oxidize. Write for additional information about the advantages Magnetic systems cannot be made leak-proof. It is possible to 
of Universal Porcelain Insulators. 5 


compute quite accurately what to allow for leakage in any design 


THE UNIVERSAL CLAY PRODUCTS CO. but this takes scores of abstruse equations, reams of paper and 


1560 EAST FIRST ST. * SANDUSKY, OHIO cups of black coffee. There’s a much simpler 


A method, one that is sufficiently accurate, 
Ps. FF Su. | for determining the Leakage Factor F. 


It can be found from the curves on the 


billboard using the simple circuit designs 
on the left. The value of 1.35 can be as- 


sumed for Constant f. 


With values for Constants F and f deter- 
mined, the energy equation can be solved. 
Full details are given in our booklet, 
PERMANENT MAGNET DESIGN. Send 
for a copy. Study it and if you would like 


@ MAGNET z 


any assistance in designing your magnets, 


call on us. 


Twenty-five years’ experience in 


solving all types of Relay Problems 
. . . Complete facilities for Design- 
ing, Engineering, Manufacturing . . . Specialists in producing Relays 


of exceptional power and sensitivity for Aircraft, Intercommunica- 
tions Systems, Electronic Devices. Exclusive Kurman features provide 


greater dependability, longer life, more precise performance . . . ¢o RPO RATI re] ny 


Send data for quotations. .Write for new descriptive Bulletins. 


35-18 37th STREET © LONG ISLAND CITY 1, N. Y. 


STAMFORD, CONN. 
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CONSTRUCTION AND 
OPERATING FEATURES 


They have an especially de- 
signed, quick-acting, heavy- 
duty contactor, 


High interrupting disconnect 
fuses, hook stick operated. 


Self-contained, seal-off motor 
terminal compartment. 


Centralized self-contained low 
voltage control terminal com- 
partment. 


Magnetic overload relays with 
electric reset, instantaneous 
and inverse time element. 


Self-contained control poten- 
tial transformer. 


Self-contained Tank lowering 
device. 


Insulated Bus, supported on 
porcelain Insulators. 


The simplicity, efficiency, and flexibility of this Push Button operated 
Control have been made possible by Rowan Engineers after thirteen years 
of research, and production of this type of equipment. It has been 
designed for Engineers whose prime thoughts are safety, continuous 
operation, minimum installation and maintenance cost. These starters 
are floor mounted and are arranged for single or group installation. 
They are Push Button operated; of the full voltage or reduced voltage 
type; arranged for indoor, or outdoor service; are of cubicle construction 
and are complete within themselves. Let us have your 2300 Volt 


control problems. 


Bank of six control units—Insert in circle shown 


close-up of quick-acting. heavy-duty contactor. 
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CAPACITOR 
QUESTIONS 


Answered 


ELECTROLYTIC 
CAPACITOR” 


BY ALEXANDER M. GEORGIEV 


Probably no Radio-Electronic component is more important 
than the Electrolytic Capacitor, and this new book by Alexander 
M. Georgiev who has devoted more than 15 years to Capacitor 
tescarch and development answers all the many questions engi- 
neers, designers, servicemen and others have been asking about 
this subject. Abundant data is presented as to Electrolytic 
Capacitor constructional features—whese, when and how to 
use them to best advantage in prefer- 
ence to non-electrolytic types—in WH AT TYPE? 
in order to utilize, buy, specify, re- 
place, or service Capacitors intelli- 

? 
200 pages and cighty illustrations. in- WHERE? 
cluding graphs, photomicrographs, oscillograms, etc. Just out 
on this vital Radio-Electronic component! Order today while 
the supply lasts! 


short, everything you need to know 
e 
WHY? 
gently and efficiently. Contains over 
in limited wartime edition—the first modern book to be written 
QO (53.25 foreign) 


az Characteristics; 
t low an! 
g dc; 


apacit ge a’ 


dozens of © 
1 who desis» 
acitors- 


subject! 
handle, of La 


Technical Division, Dept. EE-65 
MURRAY HILL BOOKS, Inc. 
232 Madison Ave., New York 16, N. Y. 


Enclosed find $.......... for Be A a, copies of 
Alexander M. Georgiev’s *““‘THE ELECTROLYTIC 
CAPACITOR" (Price $3 cach, $3.25 foreign) or 
— send C.O.D. Cin U.S.A. only) for this amount plus 
postage. 


NAME: seh sestarae saree tedlon Saree GAA wen AAI TTS ce 


Address 5:25 Siweasac a oeaie res ee aven ABlde @ Mem Te oa 


City: Sc: DistNOs teas) s om neieath iid, States aeons 
= Ge my Te oe ee eC) ee) ee 
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~ Shallcross” 


BX PROCESSED 


(PATENT APPLIED FOR) 


pc HioH RESISTANT TO” 
eS MOISTURE AND FUNGUS — 


ae 
Applicable to Any Akra-Ohm Type 


BX Processing for Shallcross Akra-Ohm 
Close Tolerance Wire-Wound Resistors is 
the culmination of extensive specialized 
engineering research in close conjunction 
with the exacting demands of the nation’s 
armed forces. 


ANTI-FUNGUS TEST— epee in actual 


outdoor conditions in which the known fungi 
were numerous and under an average rela- 
tive humidity of 95%, no fungus or corrosion 
was apparent after 88 days. 


SALT SPRAY—targe users have certified 
that BX Resistors .successfully withstand 200 
hours of salt spray containing 20% sodium 
chloride. 


HUMIDITY — Production samples supplied to 
a leading manufacturer's laboratory success- 
fully withstood 90 days exposure to 90% 
relative humidity at a temperature of 85° F 
Measured while wet, at the end of the test, 
the resistors were still within a few tenths of 
one percent of their original value! 


TEMPERATURE CYCLING — Five cycles 
of -55° C. to +85° C. have no effect on the 
coating or stability of BX Processed Resistors 
—a fact confirmed by impartial tests in sev- 
eral large industrial laboratories, 


Shallcross BX Processed Resistors are iden- 
tified by the prefix ‘‘BX”’ on the standard 
type number, Write for details. 


SHALLCROSS MFG. CO. 


| 
: 
DEPT. EE-65, COLLINGDALE, PA. : 


ENGINEERING * DESIGNING - MANUFACTURING 
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CATHODE-RAY TUBE 


DATA 


@ DuMont technical bulletins 
are arranged to give the 
essential data on each cathode- 
ray tube type in the manner 
which the industry has found 
most useful and complete. 


Be sure you have these bulle- 
tins in your electronic refer- 


ence library. 


Available on request written 
on your business stationery. 


ALLEN B. DU MONT LABORATORIES, INC. 
Passaic, New Jersey 


Coble Address: se Wespexlin, New York 
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“MEGGER” GROUND TESTER 


Out of the EARTH comes 
INFORMATION for your PROTECTION 


Most metal structures on your electrical system have foundations 
buried in the earth, or are otherwise grounded. Every ground rod 
or pipe installed for protection against lightning or system dis- 
turbances is also surrounded by a mass of earth. These earth 
masses offer resistance to the flow of current and consequently 
determine the effectiveness of your grounding system. Therefore, 
out of the earth comes information that you need for protection 
to life and property. 


The ‘“Megger” Ground Tester measures resistance to earth of 
ground connections quickly and accurately. Simply connect the 
instrument to the installed ground and two reference grounds, turn 
the crank and read resistance directly on the scale. Unaffected by 
polarization, electrolysis, stray earth currents or by the exact 
location or resistance of the auxiliary ground connections. 


*“Megger” Ground Testers are invaluable for determining the 
nature of ground connections, and whether they are in condition 
to perform the service for which they are designed and installed. 
During the past 15 years these ground testers have become stand- 
ard equipment among many power companies, railroads, tele- 
phone and telegraph companies and industrial plants throughout 


the U.S. A. 


Write for illustrated Catalog 1645-EE describing all 
types of ““Megger” Ground Testing Instruments. 


*Trademark Reg. U. S. Pat. Off. 
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2. H. POLACHEK > 
Reg. Patent Attorney 
Professional Engineer 


_ “PATENTS OBTAINED & SEARCHED 
for any invention in U. S. Pat. Off. 


1234 Broadway _ Phone — ; 
(At 31 St.) NEW YORK _ Longacre 5-3088 


BLACK & VEATCH | 

Consulting Engineers 

Water, Steam and Electric Power Investiga- 

tions, Design, Supervision of Constructions,. 
Valuation and Tests 

4706 Broadway KANSAS CITY, MO. 


-= 


ese col 


A\lll replies should be addrened to. 
indicated and mailed to the New York fe) 


~ 
Ni 1 a 
Men Available = 
MECH ENGR; age 31; married; expe 
and Diesel des, opern, constr; desires pos witl 
utility, railroad or large indus organization offer- 
ing opportunity for pwr plant, equpt, and proc 
design. Available about August 1st. E-101. 
EXECUTIVE-ANALYST_ of operating 
management problems with 5 yrs elec mfg and 
yrs unusually broad exper in utility administration — | 
both as utility engr-executive and with Govern-— 
ment War Agency. E-102. >< + 


the ke 
Fic 


SANDERSON & PORTER 


ENGINEERS—CONSTRUCTORS 
FINANCING—REORGANIZATION— 
DESIGN—CONSTRUCTION 


A of 
INDUSTRIALS and PUBLIC UTILITIES 
Chicago New York San Francisco 


REG. 1911 hs MEM. A.LE.E 
CHRISTIAN E. BROWN 
Mechanical and Electrical Engineer 


DESIGNS—SPECIFICATIONS—REPORTS 
Tel, 6604 MANCHESTER, CONN. 


Positions Available — 


SPECIFICATION WRITER AND ESTIM 
TOR, electrical engineer, experienced on industria 
electrical construction for a large industrial organi- 
zation. Should have successful record of ex- 
perience in estimating construction costs, as well as 
a competent viewpoint and good command of 
language to enable him to write construction speci-— 
fications concisely and accurately. Write giving 
complete details of education, experience and salary — 
desired. Location, Michigan. W-5144. mat 

DEVELOPMENT ENGINEERS, electrical, 
capable of doing some work in electronics and | 
general power. Must be acquainted with amplifier 
circuits. Salary, $3800 a year on a 48-hour week 
basis, with possibility of 15% increase, on a one- — 
yeas contract. Location, New York, N. Y. W- — 
5225 


ELECTRICAL OR MECHANICAL ENGI- 
NEER, graduate, to make studies and reports on 
technical phases of department including heating, © 
power and water facilities in large ordnance plant. 
On-the-job training with expectation of becoming 4 
assistant to Utilities Superintendent. Salary, — 

2700-$3900 a year. Location, western Tennes- 
see. W-5277(b). 2 

CHIEF ENGINEER, 40-45, electrical gradu- 
ate or equivalent, with considerable administrative, 
process and development experience in high fre- 
quency cable work. Salary, $6000—-$7200 a year. 
Location, New Jersey. W-5294. 

MECHANICAL OR ELECTRICAL ENGI- 
NEER for a large electrical and mechanical manu- 
facturer for work in new products division. Re- 
quires familiarity with engineering, manufacturing, 
sales and management problems. Ability to make 
engineering and commercial surveys. Salary open. © 
Location, Pennsylvania. W-5303. ; 

CHIEF DRAFTSMAN with electrical instru- 
ment and some electronic experience. Salary, — 
$3640 a year. Location, Connecticut. W-5316(a). — 

ELECTRICAL DEVELOPMENT - ENGI- ~ 
NEER experienced in the high frequency field in — 
connection with making new chemical processes in 
which high frequency current is important. Sal- i 
ary, $4000-$6000 a year. Location, New York . 

| 
j 


SARGENT & LUNDY 
ENGINEERS 


140 South Dearborn Street 


t 


Member A.1.E.E. 
JULIEN H. DAVIS 
Consulting Engineer 


Industrial 
Utility—Electrical—Mechanical 
1007 S. Windsor Blvd., Los Angeles 6, Calif. 


CHICAGO, ILLINOIS 


THE J. G. WHITE 
Engineering Corporation 
Design—Construction—Reports— 
Appraisals 
80 BROAD STREET 


FRANK F. FOWLE & CO. 


Electrical and Mechanical 


Engineers 


35 East Wacker Drive CHICAGO NEW YORK 


HODGSON & ASSOCIATES 


Physics, Mathematics, Research, 
Developmentand Patent Consultants 


Satisfaction guaranteed or no charge. 
Submit your problem for a free preliminary 
survey. 


Box 874 SHERMAN OAKS, California 


WESTCOTT & MAPES INC. 


Architects & Engineers 
Power Plants Public Utilities 
Industrial Plants 


New Haven, Conn. 


sepia dite ys ares MEV! 


State. W-5320. 

ADVERTISING ENGINEER, electrical, with 
sufficient knowledge of engineering principles to 
understand transforming and with some experience 
in advertising. Will take charge of advertising 
appropriation, creation ef trade paper advertising, — 
sales literature, engineering manuals, etc. Salary, 
about $5200 a year. Location, northern New 
Jersey. W-5350. 

FIELD ENGINEER, 30-45, electrical,’ or 
mechanical with electrical experience, to super- 
vise, install and maintain radio and radar equip- — 
ment. Considerable traveling involved. Salary, —— 
$4000-$5000 a year, plus traveling expenses. _ 
Headquarters, New York, N. Y.- W-5354- 

ELECTRICAL ENGINEER, 28-42, graduate al 
of a recognized engineering school and having an — 
M.S. degree, for position of Professor and Chair- — 
man of Electrical Engineering Department. Teach- — | 
ing experience is essential and experience in re- _ 
search, investigation and/or development ‘as well — 
as authorship of published articles, bulletins and _ 
texts are important considerations. Salary, $3800 _ 
on a nine-month basis: Location, North Dakota. 
W-5374. es 

DESIGNERS AND DETAILERS. (a) Senior | 
Tool Designers with experience on small jigs and _ 
fixtures. (b) Experienced Detailers on tools, — 
dies, as well as jigs and fixtures. Postwar oppor- — 
tunities. Organization manufacturing electric 
motors. D-2286. + 


JACKSON & MORELAND 


Engineers 
Public Utilities—Industrials 
Railroad Electrification 
Designs and Supervision—Valuations 
Economic and Operating Reports 


BOSTON NEW YORK 


J. G. WRAY & CO. 


Engineers 


Utilities and Industrial Properties 


Appraisals Construction Rate Surveys 
Plans Organizations Estimates -| 
Financial Investigations Management 


105 West Adams St., Chicago 


M. F. M. OSBORNE 


ASSOCIATES 


Consulting Physicists 


Mathematical Analysis of Physical Problems. 
Electronic Design. Fluid Dynamics, 
Mechanics. Literature Surveys, Reports 


703 Albee Bldg. Washington 5, D. C, 
ATlantic 9084 


WANTED 


Copies of the December (1944) issues of 
ELECTRICAL ENGINEERING. Please mail 
(parcel post) to American Institute of Elec- 
trical Engineers, 33 W. 39th St., New York 
City, printing your name and address upon 
the enclosing wrapper. Twenty-five cents 
plus postage, will be paid for each copy 
returned. 


5 Please mention ELECTRICAL ENGINEERING when writing to advertisers JuNE 1945 A 


| 


Fa e¥ interapeing op eT ERATED 
Cu fo) r 
: reeder circuits seen etetizing ay 
ansf; Onali 
ing conc nnecting of loc, oF 
ain Switch contac ithout . r : 
t C= 
7300-15,99 
»%00 Volts— 46 
8 Amps 
S&C: 
oT” 
CUrour RECLOSING 
Automarj 
tary fatiles h TeMt Reclosis 
costnuity of 5 ae Clea: fers tempo. 
: (0) Otect 
Ope Wer all 


ating 
are of tat mpon  otdS show 
Ofary naty ure, that Most fay 
aults 


7500. 
Tnterrup ero Vvolts— 19, 
is & lating, fe 0 Amps 
4aMps., at 60 cy, 4 ode, 0 to Siar 


Applications like the one on this 
transformer substation, are gaining 
ever-growing acceptance... because 
they simplify installation . . . and 
give safe, dependable load-switch- 
ing and short-circuit protection at 
worthwhile savings. It will pay you 
to write for Bulletins 202A and 215. 


GANG-SWITCH Handle 


is. located here for 


SCHWEITZER & CONRAD, INC. 
4427 Ravenswood Ave., Chicago 40, U.S.A. 


Represented in Principal Cities (Consult Telephone Directory) 
In Canada by Powerlite Devices, Ltd., Toronto, Ont. 


convenient operation 


/\ LOAD INTERRUPTER 
ne, DISCONNECTS with 


§&C “HRSO” RECLOSING CUTOUTS 
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AN HOUR ON THE BENCH 
SAVES NINE ON THE JOB 


Bench assembly and repair 
means speed-up in produc- 
tion. The use of Cannon 
Multi-circuit Connectors 
inthe wiring of electrical 
equipment is the ulti- 
mate in assembly efh-. 
ciency—time saved on 
the job, less skilled 1a- 
bor, better critical work 


e 


Bench wiring by Jean Wheeling of the 
Curtiss-Wright Corporation, 


under better conditions. Columbus, Ohio 


Various parts of electrical assemblies may be man- 
ufactured in different factories and put together and 
into operation simply by inserting a Cannon Plug 
into a Cannon Receptacle. The connection will be 
firm, tight and solid—yet quickly disconnected for 
replacement or repair. 

There are more than ten thousand connector sizes, 
types and kinds listed in the Cannon catalogs. Thou- 
sands of special and intricate circuit requirements 
may be met right from stock with Cannon Plugs. 

Wherever quick, complete 
and sure electric connections 
must be made—whether for a 
single element or a maze of 
circuits—use a Cannon Con- 
nector. Nothing less is so 
surely satisfactory. Nothing 
better can be had. 


i 
§ 


Write for the condensed Cannon Catalog. It gives you a gen- 
eral introduction to the Cannon line. Address Dept. A-311, 
Cannon Electric Development Company, 3209 Humboldt St., 
Los Angeles 31, California... Below is pictured a wall mount- 
ing, typical of the famous Cannon AN line of plugs. 


CANNON ELECTRIC 


Cannon Electric Development Co. 
Los Angeles 31, California 


Canadian Factory and Engineering Office: 
Cannon Electric Company, Ltd., Toronto 


Representatives in Principal Cities —=- Consult Your Local Telephone} Book 
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.. But you can 
see the results 


Pieced together this picture shows 
One step in the making of dials for 
Simpson Instruments. We have 
scrambled it deliberately to empha- 
size the fact that Simpson employs 
many processes others do not in 
manufacturing electrical instru- 
ments and testing equipment. To the 
man who knows instruments this ex- 
tra measure of engineering skill and 
craftsmanship is evident in every de- 
tail—a reflection of Simpson’s never- 
ending quest for refinements in 
design that will at once improve per- | 
formance and permit more efficient 
production. It is the experience 
gained through more than 35 years 

of such study which promises you, in 
Simpson Instruments, the ablest ap- 
plication of the great advances that 

will be forthcoming. 


SIMPSON ELECTRIC COMPANY 
5200-5218 W. Kinzie St., Chicago 44, Ill. 


ee 
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INSTRUMENTS THAT STAY ACCURATE 
Buy War Bonds and 


Stamps for Victory 
JUNE 1945 
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Fit into Your New 


Sprague *CEROC 200 is an inorganic 
wire insulation having outstanding 
space factor and high-temperature 
advantages: 


@ Applied to copper, nickel, or other 
types of wire, it permits continuous 
operation at 200°C. 


@ Wound in coils, the thermal conduc- 
tivity of *CEROC insulated wire is 
such that it does not develop hot 
spots to a point of nullifying much of 
the high-temperature gain which 
might otherwise be expected. 


@ *CEROC 200. has an exceptionally 
high space factor as the ceramic coat- 
ing is only one quarter of a mil thick 
and is uniform for all wire sizes. 


Sprague *CEROC 200 is by no means 
a new or untried development. Pio- 
neered and perfected by Sprague sev- 
eral years ago, it has been supplied 
exclusively and in large quantities for 
war applications. Its proved advan- 
tages are these: 


FOR ENGINEERS WHO ARE 
LOOKING AHEAD! 


y . Where and How Might this Class C 
High-Temperature Wire Insulation 
Product Planning ? 


\_SPRAGUE. ELECTRIC COMPANY 


NORTH ADAMS, MASSACHUSETTS 


PIONEERS IN ELECTRIC-ELECTRONIC PROGRESS 


@ Substantial volt-ampere rating tn- 
creases can be obtained. 


@ Thimble-size coils can be wound to 
do spool-size coil jobs. 


@ Throughout the entire field of insu- 
lated wire wound electrical devices, 
countless opportunities exist for re- 
designing and re-rating products for 
greater efficiency in smaller sizes and 
at higher temperature operation. 


Wire insulated with *CEROC 200 can 
normally be supplied in sizes to meet 
almost any coil, transformer, or motor 
need. Although practically 100% of 
the present greatly expanded produc- 
tion is still going for war uses, sam- 
ples of several popular sizes are avail- 
able in “‘engineering’’ quantities. 
These represent a real opportunity 
to those who recognize the tremen- 
dous design advantages inherent in 
this unique insulation development, 
and who seek to test it, not so much 
for existing products but in relation 
to entirely new or re-designed prod- 
ucts that look to the future. 


Write today for copy of *CEROC 200 Bulletin 505 


*Trademark Reg. U: S, Pat. Office 
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Excellent hiding power 


aad coverage =————" 


High Arc Resistance 


Fast Air Drying 


Tough, Glossy Film 


re 


Distinctive Color 
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Easy Application 


a 


Adaptable to both interior 


and exterior use 


IWlustration—Stator of Continental Electric Explosion-proof Motor 


“WET DIELECTRIC UNCHANGED AFTER 3500 HOURS OF HEAT-AGING AT 275°F.” 


Yes, *SYNTHITE #10 Red Insulator was ac- 
tually subjected to this severe test and passed it 
SYNTHITE #10 Red In- 
sulator was applied over two coats of clear baking 
varnish on a brass surface, and HEAT-AGED FOR 
3900 HOURS AT 275°F. After this period, the 
test specimens were immersed in distilled water 


for 24 hours. The wet dielectric strength of the 


with “flying colors.” 


varnish after this treatment did not vary mate- 


rially from the wet dielectric determined before 


Iai 


* Reg. U.S. Pat. Off. 
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the test, and the varnish film was in good condition. 

Applied by brush or spraying over prevarnished 
surfaces, SYNTHITE #10 Red Insulator affords 
maximum protection against chemical fumes, oil, 
water, acids and alkalies. In fact, the chemical re- 
sistance of SYNTHITE #10 is so great that en- 
gineering departments of various industries such as 
paper mills, refineries, cement plants, copper-mines, 
coal mines, quarries and steel mills, are using this 


enamel for protection against chemical fumes. 


lannish Specialils 


JOHN C. eeeinck COMPANY 


168 EMMETT STREET - 


NEWARK 5, N. Je, | 


JUNE 1945 | 
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Terminal problems are. many and varied. 
But whether simple or complex, any con- 
nector problem is best terminated here at 
connector headquarters. Catalog descri- 
bing the complete Burndy line available 
On request. Engineering cooperation freely 
offered. Burndy Engineering Co., Inc., 
07E Bruckner Blvd., New York 54, N. Y. 


Headquarters tor 
- CONNECTORS 


In Canada: Canadian Line Materials, Limited, Toronto 13, 
_ Foreign: Philips Export Corporation, 100 E. 42nd Street, 
New York 17, N.Y. ‘ 
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Prominent engineers consistently show x 
their preference for Solar Capacitors. Solar 
pledges continued production of superior 
quality capacitors to merit that preference. 
Solar Manufacturing Corporation, a 
285 Madison Avenue, New York 17,N.Y. 
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! BAYONNE WEST N. Y. 


AWARDS! 
PLANT PLANT 


